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ABSTRACT 
A conunon practice during oil and gas well-site reclamation in North 
Dakota is to bury the drilling muds in shallow trenches near the 
borehole. These muds are saltwater based (between 100,000 and 300,000 
mg/L of NaCl) and can contain high concentrations of chromium, lead, and 
other. toxic trace metals. 
Two reclaimed oil and gas well sites were chosen for study in 
north-central North Dakota: the Winderl site in southeastern Renville 
County, and the Fossum site in west-central Bottineau County. The 
Winderl oil well was drilled in 1959, and the drilling fluids were 
disposed of in a shallow pit excavated in Pleistocene glaciofluvial 
deposits. The Fossum oil well was drilled in 1978 and the drilling 
fluids were disposed of in trenches excavated in Pleistocene till. 
A total of 41 shallow piezometers (maximum depth is 62 feet {18.9 
m)) and 13 pressure-vacuum lysimeters were installed in and around the 
two disposal sites to obtain groundwater and pore-water samples. 
Vertical electrode sounding resistivity profiles were conducted at both 
sites utilizing 14 electrode spacings down to a depth of 100 feet (30.5 
m). Sediment samples were obtained with Shelby tubes for x-ray 
fluorescence and x-ray diffraction analyses. Additional chemical 
analyses were performed on saturated-paste extracts from the Shelby-tube 
samples. 
The results of chemical analyses of pore water, groundwater, satu-
rated-paste extracts, and the earth resistivity surveys indicate that 
leachate is being generated from buried drilling fluid at both study 
xiv 
sites. At the Winderl site, contaminants have migrated beyond 400 feet 
(122 m), the extent of the monitored area, which has resulted in 
degradation of the Spring Coulee Creek Aquifer. A one-dimensional 
analytical solute transport equation was utilized to illustrate the 
potential for contaminant migration at the site. The equation predicts 
high concentration of contaminants over 3300 feet (1000 m) from the 
source area. 
Contaminant migration within the till at the Fossum site is believed 
to occur along fractures directly below the water table. The estimated 
groundwater velocity through these fractures is 3.8 m/day {12.8 ft/day) 
compared to 7.2 x 10-7 (2.4 x 10-6 ft/day) estimated for the till matrix. 
However, it has been reported that molecular diffusion is an important 
retardation mechanism that reduces the concentration of contaminants 
along these fractures with distance from the source. Also, the fractures 
constitute a small volume of pore space; ·therefore, the quantity {or 
flux) of water flowing along the fractures is small. 
Disposal of drilling fluids in glaciofluvial sediments is not 
recommended. The study at the Winderl site is evidence of the adverse 
environmental impact such disposal can lead to. The impact of drilling 
fluid disposal in till is dependent upon the geologic setting. Migration 
of the drilling fluid constituents will occur along fractures in the 
till; widespread contamination could result if these contaminants 
intersect penneable lenses. A subsurface investigation is necessary at 
the disposal sites in till to identify these permeable lenses and to 
determine if any nearby aquifers exist. 
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1.0 INTRODUCTION 
1.1 Description of Problem 
North Dakota 1 s oil and gas production comes from the Williston 
Basin--a structural and sedimentary basin located in North Dakota, South 
Dakota, Montana and southern Canada (Figure 1). Since oil was first 
discovered in North Dakota in 195!, approximately 10,000 wells have been 
drilled in the western and north-central portions of the state (Figure 
2). During the 1981-83 biennium, taxes collected on oil and gas produc-
tion became North Dakota's single most important tax revenue (Anderson 
and Bluemle, 1984). 
A problem inherent to the oil industry is the disposal of wastes 
associated with the drilling process. One such waste is drilling mud, a 
viscous fluid used during well drilling. A common practice during 
well-site reclamation is to dispose of drilling muds in shallow trenches 
and pits near the borehole. Murphy and Kehew (1984) conducted a study of 
the subsurface migration of drilling-fluid waste components beneath these 
buried disposal pits. The results of that study indicate that most of 
the hazardous constituents are attenuated within the unsaturated zone. 
However, other contaminants such as Na, Ca, and Cl move rapidly through 
the unsaturated zone and into the groundwater flow system (Murphy and 
Kehew, 1984). 
The disposal sites monitored by Murphy and Kehew (1984) are in 
western North Dakota and underlain by poorly ·indurated clayey bedrock or 
sediments derived from the bedrock. The lithologic and hydrologic 
properties of these sediments significantly decrease the potential for 
1 
2 
Figure 1. The boundaries of the Williston Basin (from ·Anderson and 
Bluemle, 1984). 
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Figure 2. Oil fields in North Dakota (Gerhard and Anderson, 1981). 
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movement of contaminants in the subsurface. Therefore, the authors 
suggested further study in areas that have a greater potential for 
groundwater contamination. 
In 1983, the North Dakota Water Resources Research Institute 
(NDWRRI} funded a multi-phase study of the detrimental effects of 
oil-field brines and drilling fluids on soils and groundwater. One phase 
of that study, and the subject of this thesis, deals with groundwater 
contamination from drilling-fluid disposal pits. The study stems from 
the earlier work of Murphy and Kehew, and focuses the research on the 
glaciated plains of north-central North Dakota. This area differs 
hydrogeologically from the western North Dakota sites in the following 
aspects: (1) higher water table (thinner unsaturated zone}, (2) presence 
of sandy permeable sediments, and (3} higher annual precipitation. The 
potential for migration of leachate and subsequent degradation of 
groundwater is much greater in this hydrogeologic setting. 
1.2 Drilling Fluid 
During the drilling of an oil and gas well, a fluid (drilling mud} 
is circulated down the center of the drill pipe, through the drill bit, 
and back up to the surface. Rock cuttings, brought up with the fluid, 
are separated at the shale shaker and the drilling mud is recirculated 
down the drill pipe. In addition to transporting the cuttings, the 
drilling fluid must perfonn the following functions: (1) control fonna-
tion pressures, {2} maintain borehole stability, (3} protect productive 
fonnations, (4) protect against corrosion, and (5) cool and lubricate the 
bit and drill stem {Simpson, 1975). 
Types of drilling fluid include water-base fluids, oil-base fluids, 
low-solid polymer fluids, and oil-emulsion fluids. However, 85-95 
7 
percent are either fresh- or salt-water based (Mosely, 1983). The fresh-
water muds generally are colloidal slurries that contain bentonite clay. 
If salt water is used, attapulgite clay (Fuller's earth) commonly is 
substituted for bentonite, because sodium bentonite will flocculate and 
not form a satisfactory colloid in salt water (Gatlin, 1960, p. 81). 
Simple colloidal mixtures of clay and water are usually insufficient 
if the drilling fluid is to perform all the required functions. There-
fore, minerals and chemicals are ~dded to modify fluid properties in 
response to subsurface drilling conditions. Table 1 lists the common 
drilling additives and their respective functions. 
In the Williston Basin, most of the oil is produced from Paleozoic 
carbonate units that lie beneath a series of halite beds. Salt (NaCl) 
must be included in the drilling fluids to prevent dissolution of the 
halite and subsequent loss of circulation during drilling. A typical 
well in North Dakota is drilled with fresh water until the surface casing 
is set. At that time, either salt is added to the mud or fresh water is 
replaced by produced water (brine) (Murphy and Kehew, 1984). Concentra-
tions of salt in drilling fluids are reported to be between 100,000 and 
300,000 mg/L (Murphy and Kehew, 1984; Dewey, 1984). Produced waters 
commonly contain high concentrations of ions other than sodium and 
chloride. These ions also will be present in the drilling muds that 
utilize brines for their salt-water base. 
As drilling progresses, chemical and mineral additives are incorpo-
rated into the drilling fluids (e.g., starches, No3-, cr04
2
-, see Table 
1). Subsurface drilling conditions in North Dakota can vary signifi-
cantly; as a result, the nature and concentration of these additives will 
l 
8 
TABLE 1 
Function and General Purpose of Drilling Fluid Additives 
(From Murphy and Kehew. 1984) 
Function Genera 1 Pvrpose 
weighting Material Control fol'ftllltion pressure, check caving. 
fascilitate pullinq dry pipe, a well 
cOll'Clletion operations 
Y1scosifier Viscosity builder'.! for fluids, for a high 
viscosity-solids ,:!!latfonship 
Thinner Dispersant Modify relationship betlillen the viscosity 
and percentage of solids. vary gel 
strength. deflocculant 
Filtrate Reducer Cut the loss of the drilling fluid's 
liquid phase into the fol"lllltion 
Lost Circulation Primary function is to plug the zone 
Material of loss 
Alkalinity, pH Control the degree of acidity or 
Control alkalinity of a fluid 
E'.nlulsifier Create a heterogeneous lllixture of two 
liquids 
Surfactant Used to the degree of 111111lsificat,on, 
aggregation, dispersion, interfaciat 
tension, foaming. and defoenring (surface active agent) 
Corrosion Inhibitor Hiaterials att1111Pt to decrease the presence 
of such corrosive compounds as oxygen, 
carbon dioxide, and hydrogen sulfide 
Defoamer 
Foallll!r 
Flocculants 
Bactericides 
Reduce foalllfng action especially in 
salt water based lllllds 
Surfactants which fo1111 in the IJl"estnce of 
water and thus pe\"llft air or gas dr111fng 
in fol"lllllltions producing water 
Used ccina>nly for increases in gel strength 
Reduce bacteria count 
Callllon Additives 
Barite, lead compounds, 
iron oxides 
Bentcnite, attapulgite clays, 
all colloids, fiborous 
asbestos 
Tannins (quebracho). 
po 1 yphosphates. 
11gn1ttc 1111terials 
Bentonfte clays, sodim 
carboxyaethyl cellulose (CMC), 
pregelatini:zed starch. 
various lignosulfonates 
Walnut shells. shredded 
cellophane flakes, thfxotrooic 
c11111911t, shredded cane fiber, 
pig hair. chicken feathers etc. 
Lime. caustic soda, 
bfc:artlonate of soda 
11 gnosul fonltes, 1111.ld 
detergent, petroleum sulfonate 
Include additives used under 
emulsifier foamel"S. defoamrs, 
a flocculators 
COOper carbonate, sodi1111 
chl'Olllllte, chromate-zinc 
solutions, chro1111 lignosul-
fonates, organic acids and 
1111ine pol)'llltrs, sodim arsenite 
Long chain alcohols, 
silicones. sulfonated oils 
Organic sodi1111 a sulfonates. 
alkyl benzene sulfonates 
Sa 1 t, hydrated lime, CJYDSUII. 
sodium tetraphosohates 
Starch preservative, oara-
fo!"llll ldehyde, caustic soda, 
lime, sodi1111 pentachloraphenate 
Lubricants Reduce torque and i ncl"f!He hol"Seoower at the Graph1 te powder. soaos , 
bit by reducing the coefficient of fr1ctfon cel"tafn ofls 
Ca 1c i 1111 Remover 
Shale Control 
, Inhibitors 
Prevent and overcome the contamination Caustic sod& (NIOH), soda ash. 
effects of anhYdrite and gypsum bicarbonate of socb, 
Used to control c:avfnq by swelling or 
hydrous disentegration 
bari1111 carbonate 
Gypsum, sodi1111 silicate, 
calci1111 lfgnosulfonates, 
lime. salt 
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vary as well. The types of.additives will also be dependent upon the 
avai1ability of mud components to the operators. 
Completion and workover fluids are also disposed of with the drill-
ing muds and deserve mention here. These fluids are comnonly hydro-
chloric, formic, or acetic acids used to increase the permeability of the 
producing carbonate zones. The volume of these acids can vary from 500 
to several thousand gallons (>1900 L}. 
1.3 Drilling Fluid Disposal and Pit Reclamation 
Murphy and Kehew (1984) present a detailed description of drilling-
fluid disposal and pit reclamation practices in North Dakota. Their work 
is surmiarized in this section. 
The drilling-fluid pit, or reserve pit, is excavated adjacent to the 
drilling rig and generally has a volume of between 54,000 and 90,000 ft3 
(1500 and 2500 m3)'. If the pit is constructed in permeable sediment, the 
Oil and Gas Regulatory Division of the North Dakota State Industrial 
Commission has the authority to require the operator to install an 
artificial or synthetic liner. This authority is granted to the Oil and 
Gas Division by the General Rules and Regulations for the Conservation of 
Crude Oil and Natural Resources, which went into effect in 1974. Prior 
to these rules, operators comnonly would line the pits with bentonite 
clay to prevent seepage through permeable sediments. 
During most of the drilling period, the fluid is circulated in a 
closed system that does not include the reserve pit. However, cuttings 
containing fluid coatings are deposited in the pit along with fluids that 
are periodically flushed out of the settling tanks. The amount of fluid 
permanently disposed of in the reserve pit varies. If the well is 
produced, all of the fluid generally will be removed from the borehole 
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during cementing procedures and pumped into the pit for disposal. On the 
other hand, if the well is plugged, it is co11111on practice to remove only 
the drilling fluid displaced by the cement plugs, leaving the remainder 
in the borehole. 
Pit reclamation begins with removal of the low viscosity portion of 
the fluid for use at another drilling site or disposal in an injection 
well. In the 1950's and 60 1 s, reserve pits were reclaimed by simply 
pushing sediment into the pits from the sides. Reclamation took anywhere 
from a month to a year because the fluids were contained within a small 
area and could not desiccate rapidly. The most co11111on reclamation 
procedure today incorporates a trenching method. A series of trenches is 
excavated on one side of the reserve pit, and sediment is pushed in from 
the other side forcing the drilling fluid into the trenches. The result 
is that fluid is spread out over a large area and reclamation can be 
completed in a few days simply by backfilling and leveling the pit and 
trenches. However, for reserve pits with synthet~c liners, trenching 
forces the fluid out of the lined pits, and increases the chances of 
migration of contaminants into the groundwater flow system. 
1.4 Previous Work 
The U.S. Environmental Protection Agency (EPA) held a conference in 
1975 on the environmental effects of chemical use in well drilling 
(Fisher, 1975). The purpose of this conference was to identify the 
potential environmental problems that could result from the increase in 
oil-well drilling that was occurring in the 1970's. Talks were presented 
on the: drilling process and the purpose and nature of drilling fluids. 
Attention was also given to the toxicity of drilling-fluid additives, 
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along with the potential for groundwater contamination resulting from 
drilling-fluid disposal. 
Drilling fluids were the subject of much concern in 1976 when 
Congress passed the Resource Conservation and Recovery Act (RCRA} regu-
lating the generation and disposal of hazardous wastes. The status of 
drilling fluids and other low volume 11 low hazardous" wastes was uncertain 
until addressed in 1980 by the Solid Waste Disposal Act Amendments. 
These amendments exempted drilling fluids from RCRA until such time as 
EPA could show need for stricter regulation (Mosely, 1983). The American 
Petroleum Institute (API}, in an attempt to justify the exemption, 
contracted the engineering consulting finn of Dames and Moore to study 
the hydrogeologic effects of drilling-fluid disposal across the United 
States. 
Dames and Moore monitored six reserve pits; one site is located in 
western North Dakota. Chemical analyses were performed on water samples 
from three wells around each disposal area--an upgradient background we~l 
and two downgradient wells. They also analyzed chemical extracts from 
surface and subsurface soil samples, and analyzed vegetation for chemical 
uptake. Results indicate that Na+ and Cl- are the most mobile ions 
leached from the pits •. However, chloride levels are below drinking water 
standards within several hundred feet of the disposal areas. Rates of 
migration of heavy metals were detennined to be very slow and not to 
constitute a health hazard (Dames and Moore, 1982) . 
. The API also sponsored three related studies, which are listed 
below: 
1) 1974-1978 "Effects of Drilling Fluid Components and Mixtures on 
Plants and Soils, 11 Dr. Raymond Miller, Utah State University. 
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2) 1979-1982 11 Plant Uptake and Accumulation of Metals Derived from 
Drilling Fluids, 11 Dr. Darrell Nelson, Purdue University. 
3) 1981, 11Water Base Drilling Mud Land Spreading and Use as a Site 
Reclamation and Revegetation Medium, 11 James Whitmore, Forsgren-
Perkins Engineering. 
A single API document summarizes these three studies in addition to the 
investigation conducted by Dames and Moore (Mosely, 1983). 
Drilling-fluid disposal research in North Dakota began with a 
master's thesis by Edward Murphy that was later published by the North 
Dakota Geological Survey (Murphy, 1983; Murphy and Kehew, 1984). Four 
reclaimed disposal sites were monitored in western North Dakota in an 
attempt to encompass the different hydrogeologic variables of the area. 
At two of the sites there are thick unsaturated zones and the saturated 
zone was not monitored. Nevertheless, water analyses from the 
unsaturated zones support the conclusion that attenuation prevents 
significant downward migration to the groundwater beneath the water 
table. 
The other two sites are in hydrogeologic settings more conducive to 
leachate migration (i.e., more permeable sediments and higher water 
table). Chloride levels indicate that fluid disposal at these two sites 
affects the groundwater 60 to 90 metres downgradient of the buried pits. 
In addition, the recommended maximum pennissible drinking water standards 
were exceeded for Cd, Pb, and Se in the shallow groundwater beneath the 
disposal pits. 
Another study of drilling-fluid disposal was recently conducted in 
the Williston Basin of western North Dakota and eastern Montana (Dewey, 
1984). This study incorporated groundwater-chemistry analyses and 
extensive earth resistivity surveys at two buried disposal sites. Five 
other sites were evaluated with one to four resistivity soundings. 

Plumes of leachate were identified in the downgradient direction at the 
two sites where the groundwater was monitored. Furthermore, resistivity 
surveys indicated subsurface contamination at three of the other five 
sites; however, at these sites testing was not extensive enough to 
determine if buried drilling fluids were the contaminant source. 
1.5 Study Sites 
Two buried reserve pits were selected in north-central North Dakota 
for the purposes of this study. 1he objective of site selection was to 
locate pits situated in two different hydrogeologic settings: one in 
till, the most common sediment in the area, and the other in sand and 
gravel, the worst-case situation from a disposal standpoint. Location, 
accessibility, and land ownership were also considered in the selection 
process. The two sites chosen are the Fossum Federal no. 4 well in 
west-central Bottineau County near Maxbass, and the J.J. Winderl no. 1 
well in southeastern Renville County near Glenburn (Figure 3). 
The Fossum well is situated in the Wiley oil field on land owned by 
North Dakota State University. This well was selected because of its 
location and a1so because it is known to be underlain by a thick layer of 
till. Chevron USA Inc. drilled the well in 1978 to a depth of 4200 feet 
(1200 m). The well was treated with 1500 gallons (5700 L) of acid and 
produces from the Mission Canyon Formation {Mississippian). The buried 
reserve pit is unlined and was reclaimed by the trenching method. 
A reconnaissance study was conducted to locate a suitable buried 
disposal pit in sand and gravel. The Winderl well in the Glenburn oil 
field was selected by examining the geologic map of North Dakota (Clayton 
and others, 1980a) for surface exposures of sand in areas close to the 
Fossum site, which had already been selected. The Winderl well was 
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Figure 3. Location of the buried drilling fluid disposal sites. 
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drilled in 1959 by the California Company to a depth of 4478 feet (1365 
m) and treated with 500 gallons (1900 L) of acid. Like the Fossum well, 
it also produces from the Mission Canyon Formation. The reserve pit was 
not lined and probably was reclaimed by pushing sediment into the pit 
from the sides. 
In 1980, the Winderl well was deepened to 4597 feet (1402 m) and 
acidified again with 2300 gallons (8700 L) of HCl. A second pit was 
excavated. It is not known whether this pit was lined; however, the 
trenching method probably was used for reclamation. 
1.6 Geology 
Approximately 8000 feet (2400 m) of sedimentary rocks overlie 
Precambrian metamorphic rocks in western Bottineau and southeastern 
Renville Counties. Overlying the sedimentary deposits are between 100 
and 300 feet (30 and 90 m) of glacial drift (Bluemle, 1971). Surface and 
near-surface stratigraphy consists primarily of Pleistocene glacial 
sediment of Late Wisconsinan age--either deposited directly by the 
glacier during the last advance, or by water associated with the glacier. 
The bedrock-surface lithology varies as successively younger units 
subcrop below the glacial cover toward the center of the Williston Basin. 
Near Maxbass (Figure 3), the underlying bedrock includes massive to 
interbedded sandstones, siltstones, claystones, and shales of the Creta-
ceous Fox Hills Formation. Overlying the Fox Hills is a lithologically 
similar sedimentary unit, the Cretaceous Hell Creek Fonnation, which 
comprises the bedrock surface for most of the area between Maxbass and 
Glenburn. Closer to the center of the basin, the subglacial bedrock is a 
marine silty sandstone, the Cannonball Fonnation (Tertiary). The subcrop 
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contact between the Hell Creek and the Cannonball trends northwest-south-
east through the Glenburn area (Bluemle, 1983). 
The glacial drift consists primarily of till interbedded with 
discontinuous sand lenses and buried glaciofluvial-channel sediments. 
These deposits are the result of several glacial advances during the 
Pleistocene Epoch (Bluemle, 1985). The surficial landscape was shaped by 
the last Wisconsinan glacier, which receded from the area about 12,000 
years ago. In western Bottineau and eastern Renville counties, the 
glacier receded to the northwest, and meltwater from the diminishing 
glacier formed Lake Souris. At its maximum extent, this glacial lake 
covered 6,000 km2 of north-central North Dakota, including much of 
Bottineau County (Kehew and Clayton, 1980). Meltwater flowing from the 
glacier toward Lake Souris incised the till plain with numerous glacio-
fluvial channels. Many of these channels have since been incorporated 
into the present-day drainage system. 
The surficial geology of the study area is divided into the follow-
ing three units: till, fluvial and glaciofluvial sediments, and lacus-
trine deposits (Figure 4). 
Till exposed at the surface generally forms gently undulating 
topography interpreted to indicate collapse of supraglacial sediment 
associated with melting of the underlying ice (Clayton and others, 
1980b). Some areas also show evidence of post-glacial erosion by fluvial 
and lacustrine processes (Moran and others, 1985). The till contains 
varying amounts of clay, silt, and sand, as well as some pebbles, 
cobbles, and boulders. These sediments were ·ultimately derived from the 
bedrock underlying the glacier--specifically, igneous, metamorphic and 
carbonate rocks in Canada, and local bedrock formations (Bluemle, 1985). 
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Figure 4. Geologic map of the study area (modified from Moran and 
others, 1985). 
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The glaciofluvial and fluvial sediments were deposited in channels 
incised into the till surface. These sediments typically are between 10 
and 20 feet (3 and 6 m) thick. However, in the Glacial Lake Souris area, 
the channels fan out in a "deltaic" pattern and are less than 10 feet (3 
m) thick and they cover a wide area (Bluemle, 1985). Sediments associ-
ated with the channels are generally subangular to subrounded, moderately 
well-sorted sands and poorly sorted gravels. Mineralogically, they are 
similar to the surrounding till (Bluemle, 1985). 
The lacustrine deposits were deposited in Glacial Lake Souris. In 
most surface exposures they are represented by nearshore bedded silts 
grading to fine sands draped over the .till plain. However, in the 
northwest corner of the study area, a small percentage of the surficial 
sediments are offshore silts and clays (Moran and others, 1985). 
1.7 Groundwater Resources 
Groundwater for stock and domestic purposes is derived from both 
glaciofluvial and bedrock aquifers in the area. According to county 
groundwater studies (Pettyjohn and Hutchinson, 1977; Randich and Kuzniar, 
1984}, the Fox Hills and Hell Creek Formations are the primary bedrock 
aquifers. These studies further indicate that water obtained from the 
bedrock typically has sodium as the dominant cation and chloride or 
sulfate as the dominant anion. The total dissolved solids are generally 
greater than 2000 mg/L, making this water undesirable for most domestic 
purposes. Nevertheless, some areas are devoid of any other water source, 
and ·these bedrock aquifers are utilized. 
Glaciofluvial deposits, either buried or exposed at the surface, are 
the primary source of groundwater in the area. These deposits yield 
large amounts of high-quality water that is suited for both domestic and 
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stock purposes. The dominant cation typically is calcium or sodium, and 
the dominant anion is bicarbonate or sulfate; total dissolved solids are 
on the average less than 1700 mg/L (Pettyjohn and Hutchinson, 1977; and 
Randich and Kuzniar, 1984). 
1.8 Climate 
North Dakota has a semi-arid continental climate, characterized by 
large seasonal variations in temperature and light to moderate precipita-
tion iJensen, 1972). Within the study area, the mean annual temperature 
ranges from 39 to 40°F (3.9 to 4.4°C); approximately 200 days.a year are 
below 32°F (0°C). Mean annual precipitation is around 16 inches (40.64 
cm); typically 9 inches (22.86 cm) of that falls between April and July 
(Jensen, 1972). 
1.9 Objectives 
To evaluate drilling-fluid disposal in north-central North Dakota, 
the following objectives have been fonnulated for this study: 
1) To detennine the characteristics of the contaminant. 
2) To investigate the chemical attenuation mechanisms. 
3) To evaluate the distribution and extent of contamination. 
4) To determine if current drilling-fluid disposal techniques are 
suitable for the hydrogeologic settings of north-central North 
Dakota. 
2.0 METHODS 
2.1 Field Methods 
In July of 1984, piezometers were installed at the two study sites. 
to obtain hydraulic data as well as water samples for chemical analysis 
(Appendix A). These piezometers consist of 2-inch (5.08 cm) diameter PVC 
pipe connected to a 5 or 10 foot (1.5 or 3 m) section of slotted PVC 
screen. The piezometer holes were drilled with a rotary rig and a 5.62-
inch (14.27 cm) diameter bit. Air was used as the drilling fluid in well 
indurated or cohesive sediments. In sand and gravel, a mixture of fresh 
water and bentonite was circulated during drilling to stabilize the 
borehole. The PVC pipe and screen were placed in the hole and the 
piezometers were flushed with fresh water until the water coming up at 
the surface was devoid of any bentonite. 
The shallow piezometers at the Winderl site are screened in sand and 
gravel. The boreholes collapsed after these piezometers were in place 
and the bentonite was washed out, which fonned natural "gravel" packs 
around the screens. Washed sand or pea gravel was placed in the bore-
holes of the deeper piezometers at Winderl that are screened in till and 
all of the piezometers at the Fossum site. The deep Winderl piezometers 
were sealed with 2 feet {0.61 m} of cement, and backfilled with the 
available cuttings. At the Fossum site, the holes were filled with 
cement to the ground surface (Figure 5). 
In August of 1984 an air compressor was used as a "gas lift" pump to 
develop the piezometers. This was accomplished by pumping air into the 
water, which reduces the fluid density and causes the piezometers to 
22 
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Figure 5. Piezometer and pressure-vacuum lysimeter profiles. 
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flow. Pumping was continued for 30 to 45 minutes or until the water 
flowing at the surface was relatively clean. 
Pressure-vacuum lysimeters were used to sample pore water from the 
unsaturated zone where the fluid pressure is below atmospheric. Each 
lysimeter (Soil Moisture Corp. Model 1920) consists of a 1.8-inch (4.57 
cm) diameter PVC pipe, 25 inches (63.5 cm) long with a 2.5-inch (6.35 cm) 
porous ceramic cup at the base; both an inlet and an outlet hose extend 
from inside the PVC pipe through a sealed rubber stopper at the top. 
The lysimeter holes were drilled with a 6-inch (15.24 cm) diameter 
auger provided by the North Dakota Geological Survey. After each lysi-
meter was positioned in the hole, silica flour was placed around the 
ceramic cup to prevent clogging of the pores; a 2-foot (0.61 m) bentonite 
seal was added and the hole was backfilled with cuttings, leaving only 
the two hoses exposed at the surface (Figure 5). 
During the last week of October 1984, water was sampled from both 
the piezometers and the lysimeters. To ensure representative samples, 
the piezometers were bailed until two well volumes had been removed. 
Each piezometer was allowed to recover, and a bailer was used to obtain 
enough sample for both major-ion and trace-metal analysis--one litre for 
majors, one-half litre for trace. The temperature, pH, and electrical 
conductivity were measured irrmediately, and the sample was pumped through 
a 0.45-micron filter into two plastic bottles. After filtering, 5 ml of 
concentrated nitric acid was added to the one-half litre bottle to lower 
the pH·and prevent precipitation of the trace metals. Both bottles were 
placed in coolers and later transported to the chemistry lab at North 
Dakota State University. 
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Approximately two weeks before sampling, a vacuum was induced in 
each lysimeter through one of the hoses exposed at the surface. The 
vacuum reduced the pressure in the lysimeter below the surrounding fluid 
pressure, causing pore water to migrate in through the ceramic cup. 
sampling was accomplished by pumping air into the inlet hose and retriev-
ing the sample from the outlet hose. Commonly, only enough sample was 
available for either major-ion or trace-metal analysis. The remainder of 
the sampling procedure was similar to that used for the piezometers. 
Stratigraphic data and sediment samples for textural and chemical 
analysis were obtained from continuous Shelby-tube cores. These rela-
tively undisturbed cores were taken with a truck-mounted, hollow-stem 
auger (Mobile Drill B-50) provided by the North Dakota Geological Survey. 
Each Shelby tube is 3 inches (7.62 cm) in diameter and 2.5 feet (0.762 m) 
long. Approximately" 70 tubes were collected from the two study sites. 
In areas where sand and gravel overlie till, Shelby-tube cores of the 
till could not be obtained with the hollow-stem auger. Therefore, a 
split-tube core barrel, attached to a rotary rig, was used to extract the 
ti l1 samples. 
Hydraulic conductivity values of the screened intervals were 
estimated with single-well response, or slug, tests (Appendix B). A slug 
was dropped down each piezometer, which raised the water level; the head 
values were recorded at certain time intervals as the water level 
returned to equilibrium. The unrecovered head differences were plotted 
against time, and the hydraulic conductivity values were estimated using 
a method outlined by Hvorslev (1951). Single-well response tests did not 
work for piezometers screened within sand and gravel because head 
recovery was too rapid. The hydraulic conductivity values for these 
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diments were estimated with a textural analysis technique discussed 
loW in Section 2.2. 
In recent studies, electrical earth resistivity methods have been 
. sed successfully to trace contaminant movement in the subsurface (Cart-
:~right and Mccomas, 1968; Reed and others, 1981; Murphy and Kehew, 1984). 
~hese methods are based on the theory that the resistivity of a geologic 
function of the conductivity of the pore water as well as the 
and degree of saturation of the material. Therefore, a resis-
/tivity survey accompanied by limited chemical, hydrologic and lithologic 
effective means of tracing highly conductive, contaminated 
Resistivity surveys were conducted around both study sites using a 
'irect-current meter (Soiltest Inc. R50 Stratameter}, and the Wenner 
,electrode configuration. Figure 6 illustrates a typical Wenner array. 
•\ 
~Jhe electrode current travels through the subsurface between the two 
", 
electrodes (C). Changes in resistivity are calculated from the 
difference between the potent i a 1 e 1 ectrodes ( P) , and th·e magni-
the induced current. For the Wenner configuration, the electrode 
is constant across the array, and the equation is reduced to the 
21T A11v Po= ---I 
here (pa) is the apparent resistivity, which is equal to the true 
esistivity only for a homogeneous, isotropic medium; (A) is the elec-
rode spacing; (AV) is the voltage difference between the two potential 
lectrodes; and (I) is the current. 
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Figure 6. Configuration of the four electrode array used in the 
electrical earth resistivity surveys. 
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Apparent resistivity, as a function of electrode spacing, was 
obtained with vertical electrode sounding (VES) profiles. VES profiles 
are conducted by expanding the array in increments about a fixed center--
the resistivity station. Apparent resistivity is determined for each 
successive A-spacing. Electrode spacings of 3, 5, 8, 10, 12, 16, 20, 24, 
30, 40, 50, 60, 80, and 100 feet were used in this study. 
2.2 Laboratory Methods 
A major objective of this investigation was to evaluate chemical and 
lithologic propertie~ of the sediments. To satisfy this objective, the 
Shelby-tube samples were analyzed with several laboratory techniques--
specifically, textural analysis, x-ray diffraction, x-ray fluorescence, 
and saturated-paste extracts. 
The textural analysis consisted of determining sand, silt, and clay 
per~entages of selected samples. A combination of sieve and hydrometer 
techniques was used; the procedure is outlined in Appendix C. 
Adsorption and ion exchange is an important attenuation mechanism in 
groundwater flow systems. This process is particularly important for 
clay-size particles because of the large charge to surface-area ratio 
(Freeze and Cherry, 1979, p 127). A majority of clay-size particles 
consist of one of several clay minerals--crystalline, hydrous silicates 
with layer-lattice type structure (Drever, 1982, p 65). The attenuation 
properties are dependent upon the structure and thus the type of clay 
(Griffin and others, 1976). Therefore, x-ray diffraction was employed in 
this study to determine clay mineralogy. This technique is primarily 
qualitative, although it does give an indication of the relative abun-
dance of the different clay minerals. Sample preparation consisted of 
mixing the sediment in distilled water and allowing the greater than 
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2-micron fraction to settle out. A samp1e of the remaining clay-water 
solution was placed on a glass disk and dried overnight. Analysis was 
done with a Phillips x-ray diffractometer for both air-dried and gly-
colated samples. 
Shelby-tube samples were analyzed with a Rigaku wavelength-disper-
sive x-ray fluorescence {XRF) unit in the Natural Materials Analytical 
Laboratory (NMAL) at the University of North Dakota. Interaction between 
the XRF x-ray beam and the sample causes emission of characteristic 
x-rays. These x-rays are detected and counted for selected elements. A 
computer software package compares the counts with known standards and 
determines the elemental composition of the sample in oxide percents 
(Stevenson, 1985). The chemical analyses included Na, Mg, Al, Si, P, K, 
Ca, Ti, Mn, and Fe. Sample preparation techniques are outlined in 
Appendix D. 
Some of these Shelby-tube sediment samples were also analyzed for 
major-ion content by the North Dakota State University Land Reclamation 
Research Center in Mandan, North Dakota. The sample preparation tech-
nique is described in detail in Sandoval and Power (1977) and is summa-
rized in Appendix E. 
As discussed in.Section 2.1, single-well response tests could not be 
used to estimate hydraulic conductivity values for the sand and gravel 
deposits. Therefore, it was necessary to utilize the following relation-
ship between hydraulic conductivity and grain-size distribution presented 
by Freeze and Cherry ( 1979, p 350): 
K=Ad10
2
, 
where (K) is the hydraulic conductivity in cm/s; A is equal to 1.0; and 
dlO is the effective grain size in mm. The effective grain size is the 
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grain-size diameter at which 10% of the sediment is finer. It is obtained 
from the grain size distribution curve generated from sieve analysis. 
This technique provides a rough estimate of hydraulic conductivity for 
sediments in the fine sand to gravel size range. 
3.0 RESULTS 
3.1 Local Geologic and Hydrogeologic Setting 
The subsurface investigations for the two disposal sites are 
detailed in this section, including the locations of all borings and 
groundwater monitoring equipment. The results of these investigations 
are utilized to define the local geologic and hydrogeologic settings of 
both the Winderl and Fossum sites. 
3.1.l J.J. Winderl No. 1 
The ground surface at the Winderl site slopes gently to the south 
toward a low-lying marshy area adjacent to Spring Coulee Creek. A 
majority of the piezometers was installed to the south of the buried 
disposal pit, under the assumption that the equipotential lines mirror. 
the topography and that groundwater flow is in the downslope direction. 
Approximately 700 feet (213 m) to the north, three piezometers (WP-1, 
WP-2, and WP-3) were installed to obtain background infonnation (Figure 
7). 
Figure 8 is a geologic fence diagram that illustrates the three 
dimensional stratigraphy at the Winderl site. Lithologic logs, which are 
presented in Appendix F, were used to construct this fence diagram. Till 
interbedded with discontinuous sand lenses is overlain by sand and gravel 
from a glacial meltwater channel. The meltwater channel generally is 
between 14 and 16 feet (4.3 and 4.9 m) thick, increasing to 33 feet 
(10.1 m) to the northwest. A surface organic layer, up to 2 feet (0.61 
m) thick, overlies the meltwater-channel sediments in the low-lying 
marshy area. The drilling fluid disposal pit is located within the sand 
33 
Figure 7. 
water sampling 
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diagram. 
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Map view of the Winderl site depicting the location of 
instrumentation and Shelby-tube holes. The reserve pit 
approximated by a dashed line near the center of the 
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Figure 8. Geologic fence diagram of the Winderl site. 
WP-26 
Ii-----'t I 
m 
5 
10 
15 S 
ORGANIC 
MATERIAL 
k/~a SAND AND GRAVEL 
/g 1 TILL 
~ I WL-r 
FILL -LYSIMETER 
f;i.j DRILLING MUD 
37 
WP-7 
WP-6 
0 
WP-5 
'v WP-4 
-----N 
Ir~-~-~, 5bm 
0 100ft 
38 
and gravel and is capped by fill material. Nested piezometers were 
installed at three different stratigraphic horizons, one in the upper 
sand and gravel and the other two at different depths within the under-
lying till. In addition, two pressure-vacuum lysimeters were installed 
within the buried disposal pit. 
The upper sand and gravel unit acts as an unconfined system, which 
has been named the Spring Coulee Creek Aquifer (Pettyjohn and Hutchinson, 
1977). The water table was determined from the piezometers screened 
within these sediments. During the monitoring period (October, 1984 to 
June, 1985), the depth to the water table varied from less than 2 feet 
(0.61 m) below the surface in the low-lying marshy area to more than 6 
feet (1.8 m) below the surface at the background well (WP-3). Water 
table maps (Figure 9) indicate that groundwater within this unconfined 
aquifer generally is fTowing to the south, away from the disposal pits. 
An exception is evident on the January 1985 map, which indicates north-
easterly components of flow away from the disposal area. 
3.1.2 Fossum Federal No. 4 
Piezometer, pressure-vacuum lysimeter, and Shelby-tube hole loca-
tions at the Fossum site are depicted in Figure 10. The ground surface 
slopes gently upward to the north from the disposal pit. The instrumen-
tation was concentrated to the south of the disposal pit because ground-
water was assumed to be flowing in the downslope direction. Background 
information was obtained for piezometers, pressure-vacuum lysimeters, and 
Shelby-tu~e·holes located approximately 450 feet (137 m) to the north of 
the pit. 
A stratigraphic cross section of the Fossum site is presented in 
Figure 11. The lithologic logs utilized to construct this cross section 
39 
Figure 9. Water table maps of the Winderl site (October, 1984 to 
June, 1985). 
40 
OCTOBER 1984 Q9 JANUARV 1985 Q9 N N 
Lill 1 @]] 1 
~/,t6' 
J''%1l 
• 
g o ''de;. • C 
C'o(/, 4..,......-- <,t<t ~<~~ \'::/'t'i. 
",s:,e L 
"~ • (C'~ ~ • 1545 
e ·O 
0 50 0 50m 
" 
1545 .2 ----!,. -..........., • 
100ft 
• 
100ft • 5~5 
·5 
C.I. = 0.2 ft. C.I.= 0.5ft. ~ 
MAY 1985 JUNE 1985 
N N 
1 1 
41 
Figure 10. Map view of the Fossum site depicting the location of 
water sampling instrumentation and Shelby-tube holes. The reserve pit 
boundaries are approximated by a dashed line near the center of the 
diagram • 
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figure 11. North-south stratigraphic cross-section of the Fossum 
site depicting selected water sampling instrumentation. 
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are included in Appendix F. The Fossum site is underlain by till 
interbedded with discontinuous sand lenses. Overlying the till is 2 to 4 
feet (0.61 to 1.2 m) of finely laminated silts and clays. Moran and 
others (1985) have mapped these sediments as nearshore lacustrine 
deposits of Glacial Lake Souris. A near-surface sand unit is located to 
the north of the disposal pit where the ground surface slopes upward. 
The surficial sediment over much of the area is approximately 1 foot (0.3 
m) of well-sorted silt, probab!y wind-blown sediment from nearby 
lacustrine deposits. 
Nested piezometers were installed at two different depths within the 
till, and the pressure-vacuum lysimeters were placed at various depths in 
and around the drilling-fluid disposal pit (Figure 11). An initial 
hole was drilled at the site and the water level measured in this hole 
was approximately 40 feet (12.2 m) below the surface. Accordingly, the 
upper piezometer in each nest was positioned to intersect this interval. 
However, water levels in these piezometers ranged from 3 to 9 feet (0.9 
to 2.7 m) below the land surface during the monitoring period, indicating 
a much higher water table than previously anticipated. Because the 
vertical gradient in these nested piezometers is relatively low (<0.009 
ft/ft), _the potentiometric values from the upper piezometers are used to 
depict the potentiometric surface of the till unit. Contour maps of 
these head values show radial flow away from the disposal area in October 
and December, 1984, and radial flow away from a mound south of the 
disposal pit in May and June of 1985 (Figure 12). 
3.2 Sediment Analysis 
Lithologic descriptions of the Shelby-tube samples are presented in 
Appendix G. Textural analyses were performed on two till samples from 
46 
Figure 12. Potentiometric maps of the till unit at the Fossum site (October, 1984 to June, 1985). 
47 
OCTOBER 1984 DECEMBER 1984 
N N 
1 1 
c:::::J 
r----, r-----., 
I • I / 
• ~-J~ • r:f). \fj 
• 
-1500.5 
-
• 
L I I 61-----t25rhoo ft 
• 
1-l ---~11dort 
0 25m 
N MAY 1985 JUNE 1985 N 
1 1 
IE::] c::J 
,------, ,------, 
' . 
'2\ __ J / /· L----,j • 0 
0 
• 
0 
•'° 9 It.) 
- a- . 
"' 
Ir) 8 
o' - (0 
-,~ / 
I I I I ~ 100ft I 100ft 
• 
0 25m 0 25m 
• 
48 
the Winderl site, and 12 till samples from the Fossum site (Appendix H). 
The textural-analysis results are illustrated in Figure 13. Most of the 
till is either loam or clay loam according to the United States 
Department of Agriculture classification. At both sites, the pebbles are 
carbonate and granitic rock fragments, with some dark gray shale and 
lignite. Horizontal and vertical fractures were evident in both the 
Shelby-tube samples from the Fossum site, and the split-tube samples from 
the Winderl site. These fractures are thought to be ubiquitous in the 
tills of the Great Plains Region {Grisak and others, 1976). 
The results of the x-ray diffraction (XRD) analyses of clay samples 
from the till are presented in Table 2. Peak heights on an x-ray 
diffractogram are an indication of the relative abundance of the 
different minerals; therefore, smectite is interpreted as the dominant 
clay. Further analysis of these clays with an energy-dispersive scanning 
electron microprobe determined that the smectite is predominantly a 
Ca-montmorillite. 
Textural analyses were also performed on two meltwater-sediment 
samples from the Winderl site {Appendix H). The following gravel, sand, 
silt, and clay percentages were calculated from these analyses: 
Gravel Sand Silt Clay 
% % % % 
WP-25 3 ft-6 ft {0.9-1.8 m) 3.2 84.2 9.2 3.4 
WS-1 5 ft-8 ft {1.5-2.4 m) 16.9 77.6 5.5 o.o 
The sand-size grains are predominantly quartz and granitic rock 
fragments. The gravels mainly consist of carbonates, shales, and 
granitic rock fragments. 
-
z::z;; 
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Figure 13. United States Department of Agriculture textural classi-
fication of the till samples from the Fossum site. 
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TABLE 2 
X-ray Diffraction Analyses of Cl~y Samples 
From Till at the Study Sites 
Depth Smectite Chlorite Muscovite [001] 
(feet) [001] [001] Il 1 i te [ 001 ] Kaolinite (001] Chlorite (002] 
Peak Heights (inches) 
10 4.6 3.2 2.3 
20 23.0 9.0 13.0 14.0 
40 19.6 4.0 15.0 
15 9.0 5.6 8.0 
18.5 10.8 6.6 8.6 
10 16.0 2.8 3.0 
20 51.0 10.8 12.8 
40 51~0 7.4 11.8 
15 24.0 4.0 5.0 7.0 
18.5 23.4 4.0 7.0 
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3.3 Hydraulic Conductivity 
The hydraulic conductivity of the till at the Winderl site was 
estimated from 12 single-well response tests (slug tests). These tests 
yielded values that range from 2.4 x 10-6 cm/s to 5.6 x 10-3 cm/s, 
averaging 5.6 x 10-4 cm/s. At the Fossum site, similar tests were 
conducted on 12 piezometers screened within the till; the resulting 
hydraulic conductivity estimates range from 4.5 x 10-6 cm/s to 5.7 x 10-5 
cm/s, with an average of 1.8 x 10-5 cm/s (Appendix I). 
The hydraulic conductivity values obtained from these single-well 
response tests are consid~rably higher than the grain size indicates. 
Grisak and Cherry (1975) have estimated intergranular hydraulic conduc-
tivity from laboratory consolidation tests on 85 till samples across the 
Interior Plains Region. They obtained an average of 5 x 10-9 cm/s. The 
higher values from the slug tests in this study are attributed to sec-
ondary penneability from fractures, which is not reflected in laboratory 
consolidation tests. Evidence of the greater permeability along the 
fractures can be found in the Shelby-tube samples from the Fossum site 
(Appendix G}. The oxidized zone extends approximately 2 feet (0.61 m} 
deeper along fracture surfaces than in the till matrix, which is an 
indication that downward percolating water is moving faster along these 
fractures. 
Grain-size distribution curves were generated from sieve analyses of 
. two samples taken from the upper sand and gravel unit at the Winderl site 
(Appendix J). The effective grain sizes (d10) from these curves were 
used to estimate hydraulic conductivities. Values of 1.7 x 10-2 cm/sand 
1.5 x 10-l cm/s were obtair1ed from sample WP-25 and WS-1 respectively. 
These magnitudes are considered to be within the clean sand to gravel 
size range (Freeze and Cherry, 1979, p. 29). 
-···'"id!' 1111111 
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4 Apparent Resistivity 
Thirty resistivity stations were surveyed at the Winderl site and 25 
the Fossum site (Figures 14 and 15). From these profiles, apparent 
:sistivity values were calculated for each electrode spacing. Apparent 
:sistivity is equal to the true resistivity only in a homogeneous, 
;otropic medium. With the Wenner electrode configuration, a rule of 
1umb states that the apparent resistivity is a weighted average over a 
!mispherical bowl of a radius equal to the electrode spacing (Greenhouse 
1d Harris, 1983). This rule holds true only if the a-spacing is 
~proximately equal to the depth of current penetration. Electrode 
pacing vs. apparent resistivity curves are plotted in Appendix K. In 
ddition, apparent isoresistivity maps were generated for the different 
lectrode spacings {Appendix L). 
A-spacing vs. apparent resistivity curves, or Wenner sounding 
urves, resemble or corrmonly coincide with Dar Zarrouk curves calculated 
rom the modified Dar Zarrouk function (Zhody, 1975). A computer program 
eveloped by Zhody and Bisdorf {1975), which incorporates the modified 
!r Zarrouk function, inverted Wenner sounding curves from the 
~sistivity survey into layer thicknesses and interpreted resistivities. 
1e interpreted resistivity values are also presented in Appendix L • 
. 4.1 J.J. Winderl No. 1 
The 16-foot a-spacing corresponds best to the depth of the sand and 
·avel-till contact at the Winderl site, assuming that the depth of 
1rrent penetration equals the electrode spacing. Therefore, the a= 16 
!et apparent isoresistivity map, presented in Figure 16, is used to 
lustrate resistivity variations within this sand and gravel unit. 
gure 16 indicates that an abrupt decrease in apparent resistivity 
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Figure 14. Map view of the Winderl site showing the locations of 
the resistivity stations. The boundaries of the reserve pit are 
approximated by the dash~d line near the center of the diagram. 
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Figure 15. Map view of the Fossum site showing the locations of the 
resistivity stations. The boundaries of the reserve pit are approximated 
by the dashed line near the center of the diagram. 
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Figure 15. Map view of the Fossum site showing the locations of the 
resistivity stations. The boundaries of the reserve pit are approximated 
by the dashed line near the center of the diagram. l 
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Figure 16. Apparent isoresistivity maps of the Winderl site for 
electrode spacings of 16 and 40.feet (4.8 and 12.2 m). 
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occurs from north to south across the study area, with a high of 1696 
ohm-feet (517 ohm-m) in the northeast corner. Resistivities directly to 
the northwest and to the south of the disposal pit are less than 30 
ohm-feet (10 ohm-m) , with a 1 ow of 20 ohm feet ( 6 .1 ohm-m) in the 
southwest corner. Typical resistivity values for sand and gravel 
deposits range from 1,000 to 10,000 ohm-feet (300 to 3,000 ohm-m) 
(Soiltest, 1968). 
The apparent isoresistivity map for the 40-foot (12.1 m) a-spacings 
is also presented in Figure 16. At this a-spacing, apparent resistivity 
ranges from 73 ohm-feet (22.3 ohm-m) in the northeast to less than 25 
ohm-feet (7.6 ohm-m) near the disposal pit and to the northwest. 
3.4.2 Fossum Federal No. 4 
The disposal pit is approximately 5 feet (1.5 m) below ground 
surface at the Fossum site; and the water table generally is less than 7 
feet (3.7 m) below the surface. Accordingly, the a=l2 feet 
isoresistivity map is presented in Figure 17 to delineate areas of low 
resistivity caused by movement of contaminants from the pit in the upper 
part of the saturated zone. This map indicates that apparent resistivity 
is less than 10 ohm-feet (3.0 ohm-m) near the disposal pit and increases 
toward the periphery of the resistivity study area to a maximum of 136 
ohm-feet (41 ohrn-m). There is also an area of low resistivity directly 
to the south of the disposal pit. 
The 40-foot (12 m) a-spacing map is also included in Figure 17 to 
illustrate resistivity variations at depth. At this a-spacing, the 
apparent resistivities adjacent to and south of the disposal area are 
less than 20 ohm-feet (6.1 ohm-m). These values increase radially away 
from this area to a maximum of 50 ohm-feet (15.2 ohm-m) in the northeast. 
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Figure 17. Apparent isoresistivity maps at the Fossum site for 
electrode spacings of 12 and 40 feet (3.7 and 12.2 m). 
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3.5 Groundwater Chemistry 
Results of chemical analyses of the groundwater samples from both 
study areas are presented in Appendix M. This section summarizes those 
results and details the effects of leachate generated from the disposal 
of drilling fluids. 
3.5.1 J.J. Winder1 #1 
Water samples were collected for chemical analysis from 29 wells at 
the Winderl site (Appendix M). Attempts to collect samples from the two 
pressure-vacuum lysimeters were unsuccessful. 
The chemistry of groundwater directly below the pit (WP-11) is 
compared to background levels to determine the effects of the buried 
disposal pit on the groundwater chemistry of the Spring Coulee Creek 
Aquifer (Table 3). The background wells selected include WP-3, north of 
the buried disposal pit, and the Stevan's farm well screened in Spring 
Coulee Creek Aquifer approximately 0.75 miles (1.2 km) southeast of the 
Winderl site. Also listed in Table 3 are the recommended permissible 
concentrations (RPC) for total dissolved solids (TDS), sulfate, chloride, 
iron, and manganese, and the maximum permissible concentrations (MPC)for 
lead and chromium. Comparison of the chemical analyses in Table 3 
suggests that incr~ased hardness, alkalinity and TDS, in addition to 
elevated concentrations of calcium, magnesium, sodium, potassium, sulfate 
and manganese, all result from the buried disposal pit. Four of these 
constituents (TDS, Cl, Na, and Ca), in addition to two trace metals (Cr 
and Pb), are designated as indicator parameters to further evaluate 
contamination from the disposal pit. 
Three intervals are screened at the Winderl site--one interval in 
the upper sand and gravel unit and two in the underlying till. Water 
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TABLE 3 
Chemical Analyses of Groundwater Samples from Piezometers WP-3 and 
WP-11 at the Winderl Site and the Nearby Stevan's Fann Well. 
Piezometer Locations are Shown in Figure 7. 
Stevans Drinking Water 
Well Number WP-11 WP-3 Fann Standards 
Date 10-26-84 10-26-84 10-25-84 
Temperature 9.5 9.5 12 
Field pH 7.10 7 .10 7.25 
Field Conductivity 6100 3500 750 
Lab pH@ 22°c 7.46 7.57 7.59 
Lab Conductivity 8521 1624 1018 
TDS mg/L 6113 1130 749 500* 
Hardness mg/L 1440 303 411 
Alkalinity mg/L 398 189 263 
Ca mg/L 301 74 112 
Mg mg/L 167 28 32 
Na mg/L 1259 221 119 
K mg/L 60 16 23 
S04 mg/L 467 38 51 250* 
Cl mg/L 2659 401 95 250* 
N03 mg/L 0.5 6.6 35 
Fe µg/L 28 105 300* 
Mn µg/L 2421 740 50* 
Cr µg/L 1.1 2.2 50** 
Pb µg/L 2.6 2.6 50** 
* Recommended Pennissible Concentration (RPC) 
** Maximum Permissible Concentrations (MPC) 
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samples were collected from all three intervals to determine concentra-
tion variations with depth. These variations are illustrated with 
concentration profiles for each of the indicator parameters (Figures 
18-21). 
Variation with depth of TDS, Cl, Na, and Ca are similar, as 
illustrated by their similar concentration profiles. At two of the 
monitor-well locations (WP-7 and WP-20), the highest concentrations were 
detected in the sand and gravel unit with the maximum concentrations in 
WP-7 (TDS=l4,203 mg/L, Cl=6007 mg/L, Na=2323 mg/Land Ca=1174 mg/L). 
Background TDS from WP-3 is 1130 mg/L, whereas for all other wells 
screened within this sand and gravel aquifer TDS exceeded 3000 mg/L. The 
total-dissolved-solids concentration in groundwater from shallow 
glaciofluvial aquifers in the area is typically less than 1700 mg/L 
(Pettyjohn and Hutchinson; 1977; and Randich and Kuzniar, 1984). 
At the remaining six monitor-well locations, the highest concentra-
tions were detected in wells screened in the upper interval of the till. 
These wells are screened directly tn the till or in isolated sand lenses 
within the till. Piezometer WP-13 is screened in a sand lens approxi-
mately 10 feet (3.0 m) below the base of the sand and gravel unit and 
yielded the following concentrations of dissolved constituents: 
TDS=70,492 mg/L, Cl=42,105 mg/L, Na=20,013 mg/Land Ca=4415 mg/L. Well 
WP-22, which is screened in a sand lense approximately 15 feet (4.6 m) 
below the surface also yielded high concentrations: T0S=34,806 mg/L, 
Cl=l9,412 mg/L, Na=6331 mg/L, and Ca=4028 mg/L. Both WP-13 and WP-22 are 
located southwest of the disposal pit along Spring Coulee Creek (Figure 
7). High concentrations of contaminants are not limited to wells 
screened within the sand lenses. Well WP-16, which is located directly 
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Figure 18. Concentration profiles of total dissolved solids, 
chloride, sodium, calcium, chromium, and lead in the groundwater at 
piezometer locations WP-1 and WP-4 at the Winderl site (Fig. 7). See 
Figure 8 for explanation of·lithology. 
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Figure 19. Concentration profi1es of total dissolved solids, 
chloride, sodium, calcium, chromium, and lead in the groundwater at 
piezometer locations WP-8 and WP-14 at the Winderl site (Fig. 7). 
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Figure 20. Concentration profiles of total dissolved solids, 
chloride, sodium, calcium, chromium, and lead in the groundwater at 
piezometer locations WP-15 and WP-18 at the Winderl site (Fig. 7}. 
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Figure 21. Concentration profiles of total dissolved solids, 
chloride, sodium, calcium, chromium, and lead in the groundwater at 
piezometer locations WP-23 and WP-27 at the Winderl site {Fig. 7). 
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south of the disposal pit, is screened in till and contains groundwater 
with total dissolved solids of 18,669 mg/L. To put these values in 
perspective, the average concentration of total dissolved solids in sea 
water is 34,479 mg/L {Blatt and others, 1980). 
The concentration profiles of lead and chromium commonly differ from 
those of the other indicator parameters, as illustrated by Figures 18-21. 
The maximum permissible concentrations {MPC) in drinking water for both 
these parameters is 50 ug/L. Tbe chromium concentrations detected above 
MPC are from wells in the sand and gravel unit at WP-6 (417 ug/L) and 
also in an isolated sand lens at WP-22 (635 ug/L). The lead concentra-
tions above MPC were detected in the till at WP-28 (69.5 ug/L). 
The areal distributions of total dissolved solids, chloride, sodium, 
calcium, magnesium, chromium, and lead are ·illustrated with isoconcentra-
tion maps of the sand and gravel interval (Figures 22 and 23). The 
distribution of contamination at the site is discussed in more detail in 
Section 4.2.1. 
3.5.2 Fossum Federal #4 
Water samples were collected from the twelve wells at the Fossum 
site. Eight of the eleven pressure-vacuum lysimeters yielded samples. 
Because the water table at the site is higher than was estimated during 
installation of the monitoring equipment, several of these lysimeter 
samples were collected from the saturated zone. 
Similar to the approach taken for the Winderl site, the water 
chemistry of a background sample at the Fossum site is compared to the 
chemistry of a sample from beneath the disposal pit (Table 4). The 
background sample (Fl-1) was collected from a lysimeter and the sample 
beneath the disposal pit (FL-9) was also from a lysimeter; both Fl-1 and 
111111 
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Figure 22. Piezometer location map and isoconcentration maps of 
total dissolved solids, chloride, and sodium in groundwater at the 
Winderl site. 
--------------------
~;~:--, 
76 
N N 
[Q] j fill j 
Q 
WP-10 
,---. 
. •· eWP-20 ... _,j 
• 
•wP-17 
WP-12 
0 eWP-24 eWP-29 
eWP-21 e WP-25 
eWP-26 
TDS 
N N j j 
( 
CHLORIDE SODIUM 
77 
Figure 23. Isoconcentration maps of calcium, magnesium, chromium, 
and lead in groundwater at the Winderl site. 
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TABLE 4 
Chemical Analyses of Pore Water/Groundwater from 
Lysimeters FL-1 and FL-9 at the Fossum Site 
Locations of Lysimeters are Shown on Figure 10 
Well Number FL-1 FL-9 
Date 10-23-84 10-23-84 
Temperature °C 7.2 8 
Field pH 6.87 6.56 
Field Conductivity 1300 >20000 
(µmhos/cm) 
Lab pH@ 22°C 7.5 6.5 
Lab Conductivity 3151 90624 
(µmhos/cm) 
TDS (mg/L) 3268 123684 
Hardness (mg/L) 1986 19006 
Alkalinity (mg/L) 271 272 
Ca (mg/L) 419 3797 
Mg (mg/L) 228 2313 
Na (mg/L) 178 38348 
K (mg/L) 25 1497 
S04 (mg/L) 1664 2231 
Cl {mg/L) 165 73280 
N03 (mg/L) 0.2 
l1 
lJ 
·1 
ii 
I 
I 
' 
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FL-9 are below the water table at a depth of 14 feet (4.3 m) beneath the 
surface. In addition, Table 4 also lists the recommended pennissible 
concentrations for sulfate, chloride, iron, and manganese and the maximum 
permissible concentrations for lead and chromium. 
Table 4 indicates that the leachate generated from the buried 
disposal pit has increased total dissolved solids, hardness, calcium, 
magnesium, sodium, potassium, sulfate, and chloride. The six parameters 
selected to indicate contamination include total dissolved solids, 
chloride, sodium, calcium, chromium, and sulfate. At the Winderl site, 
lead was selected rather than sulfate; however, at Fossum the relatively 
high concentrations of sulfate in FL-9 (2231 mg/L) and low concentrations 
of lead in all the wells (<10 ug/l) suggest that sulfate will better 
define contamination from the disposal pit. 
Concentration profiles.illustrating variations in the concentrations 
of the indicator parameters with depth are presented in Figures 24-26. 
The highest concentrations of five of the indicator parameters were 
detected in FL-9, (TDS=l23,684 mg/L, Cl=73,280 mg/L, Na=38,348 mg/L, 
Ca=3797 mg/L, and Mg=2231 mg/l) with values generally decreasing both 
with depth and distance from the disposal pit. One notable exception is 
the high sulfate concentrations detected from a lysimeter situated 4 feet 
(1.3 m) deep and approximately 50 feet (15.2 m) north of the disposal pit 
(FL-6 (20,236 mg/L)). For comparison, 3577 mg/L of sulfate was detected 
in pore water from a lysimeter (Fl-7) situated at a depth of 4 ft (1.3 m) 
within the disposal area. 
Similar to the Winderl site, the areal distribution of contaminants 
is illustrated with isoconcentration maps, which are presented in Figures 
27 and 28. These maps were constructed from the water analyses of the 
, 
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Figure 24. Concentration profiles of total dissolved solids, 
chloride, sodium, calcium, sulfate, and chromium in the groundwater at 
piezometer locations FP-l_and FP-3 at the Fossum site (Fig. 10). See 
Figure 11 legend for lithology. 
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Figure 25. Concentration profiles of total dissolved solids, 
chloride, sodium, calcium, sulfate, and chromium in the groundwater at 
piezometer locations FP~5 and FP-7 at the Fossum site (Fig. 10). 
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Figure 26. Concentration profiles of total dissolved solids, 
chloride, so.dium, calcium, sulfate, and chromium in the groundwater at 
piezometer locations FP-9 and FP-12 at the Fossum site (Fig. 10). 
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Figure 27. Piezometer location map and isoconcentration maps of 
total dissolved solids, chloride, and sodium in groundwater at the Fossum 
site. 
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Figure 28. Isoconcentration maps of calcium, magnesium, sulfate, 
and chromium in groundwater at the Fossum site. 
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wells screened in the upper interval of the piezometer nests. Chloride 
is a good indicator of contamination at the Fossum site. The chloride 
concentrations detected beneath the disposal pit (FP-4) are 5025 mg/L 
compared to a background concentration of 20 mg/L from FP-2. Wells FP-2 
and FP-4 are screened at approximately the same depth (45 to 35 feet 
(13.7 to 10.7 m) below the surface). Chloride concentrations of 2203 
mg/L were detected from the deep well {FP-3) screened 60 to 55 feet (18.3 
to 16.8 m) beneath the surface at the disposal pit. Approximately 200 
feet (61.0 m) south of the disposal pit, 146 mg/L of chloride was 
detected at FP-11. The remainder of the wells yielded chloride concen-
trations of less than 60 mg/L. As discussed in previous sections, the 
wells are screened significantly below the water table. As a result, 
these isoconcentration maps might not be a good indicator of the horizon-
tal distribution of contamination. The distribution and extent of 
contamination at the Fossum site is discussed further in Section 4.4. 
3.6 Saturated-Paste Extract 
Information on the soil-water chemistry of selected sediment samples 
was obtained by saturated-paste extract analyses. One sample (WP-9) was 
analyzed from the Winderl site--a split-tube sample collected at a depth 
of 18.5 feet (5.6 m) beneath the surface. A total of 20 Shelby-tube 
samples from the Fossum site was analyzed. These samples were collected 
at depths ranging from 5 ft (1.5 m) to 30 ft {9.1 m) below the surface. 
The results of these analyses are presented in Appendix N. 
The saturated-paste extract analyses from the Fossum site are 
plotted on vertical distribution diagrams for six parameters: electrical 
conductivity, chloride, sodium, calcium, magnesium, and sulfate (Figures 
29-31). In general, there is an abrupt decrease in contamination with 
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Figure 29. Concentration profiles of electrical conductivity, 
chloride, sodium, magnesium, and sulfate from saturated-paste extract 
analyses of Shelby-tube samples FS-2 and FS-3 at the Fossum site 
(Fig. 10). See Figure 11 legend for lithology. 
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Figure 30. Concentration profiles of electrical conductivity, 
chloride, sodium, magnesium, and sulfate from saturated-paste extract 
analyses of Shelby-tube samples FS-5 and FS-6 at the Fossum site {Fig. 10). . 
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Figure 31. Concentration profiles of electrical conductivity, 
chloride, sodium, magnesium, and sulfate from saturated-paste extract 
analyses of Shelby-tube samples FS-7 at the Fossum site {Fig. 10). 
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depth. Boring FS-3 was drilled directly through the disposal pit and the 
chloride concentration decreases from a maximum of 1111 mg/Lat a depth 
of 10 ft (3.0 m) to 2.54 mg/Lat a depth of 20 feet (6.1 m). There is a 
similar vertical relationship for the other parameters. 
Laterally, the concentrations of the contaminants decrease with 
distance from the buried disposal pit. The maximum chloride concentra-
tion detected beyond 60 ft (18.3 m) of the disposal pit was 122 mg/Lat 
FS-7. Sulfate is an exception to this trend. The highest sulfate 
concentration detected in the saturated paste extract samples (130 mg/L) 
was approximately 40 ft (12.2 m) northwest of the disposal pit at FS-2. 
3.7 XRF Experiment 
Sediment samples, obtained from Shelby tubes. were prepared for XRF 
major ion and trace-metal analysis in the Natural Materials Analytical 
Laboratory at the University of North Dakota. The XRF results are 
presented in Appendix O. Unfortunately, NMAL is still in the process of 
developing reliable standards. and at the time this thesis was prepared 
the data were not reproducible. Although presented in the appendices, 
the XRF results are not discussed further in the text. 
4.0 DISCUSSION 
4.1 Characterization of Contaminant 
Several attempts to obtain the drilling-mud chemistry from both 
disposal pits were unsuccessful. Chevron Inc., the owner of the Fossum 
and Winderl wells, was contacted; however, they were unable to provide 
any chemical data. Without the specific chemistry of the drilling muds, 
the chemical analyses of water and soil samples around the pit site can 
be utilized to obtain some indication of the chemistry of the drilling 
mud. 
Results from the chemical analyses of both water and soil samples, 
which are presented in Section 3, indicate that the major chemical 
constituents of the contaminant are sodium and chloride with lesser 
amounts of calcium, magnesium, sulfate, and potassium. As discussed in 
Section 1.2, the muds in North Dakota are salt-based, which accounts for 
the high concentrations of sodium and chloride. The produced brines that 
are commonly added to the muds may contain many of the other major ions 
that constitute the contaminant. Table 5 summarizes the chemical 
analyses of the brines from drill-stem tests conducted near the two study 
sites. 
Chromium and lead, which were both detected above maximum 
permissible concentrations, are common constituents of drilling muds. 
Chromium ·1ignosulfate is a corrosion inhibitor, and lead compounds can be 
added to the muds as a weighting material (Murphy and Kehew, 1984). The 
concentration of these trace metals, as well as the other ions, is not 
only a function of the character of the contaminant, but also the 
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TABLE 5 
Chemical Analyses of Brines from the Madison Formation in the 
Wylie Field, Bottineau County. Data Obtained from Drill-Stem Tests. 
~ Temp Res TDS Ca Mg Na Fe Cl co HCO SO 
pH (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/r) (mgd) (rng/f) 
68 55 7.0 203,519 3934 1020 72,914 0 122,000 0 195 2200 
68 52 6.8 214,018 3934 1190 77,111 0 129,000 0 98 1725 
68 61 6.4 193,017 3919 1187 69,526 0 115,420 0 162 2885 
68 91 6.1 112,719 2897 671 39,774 0 65,670 0 148 3634 
68 350 6.2 21,287 1348 302 6,141 0 10,250 0 425 3034 
68 180 5.8 45,087 2565 696 13,576 0 25,104 0 380 2959 
68 49 5.3 258,322 5510 1972 92,435 0 156,900 0 295 1360 
68 110 5.4 78,507 3325 870 25,605 0 45,501 0 220 3098 I-' 68 52 5.3 216,405 2755 870 80,596 0 129,704 0 280 2369 0 0 68 53 5.3 231,463 4940 1566 83,103 0 140,160 0 362 1516 
68 55 6.6 228,032 4763 1155 82,565 0 137,900 0 181 1560 
68 96 7.0 124,901 5715 2310 39,156 0 75,045 0 82 1835 
68 98 7.1 126,597 5334 2310 40,238 0 76,830 0 93 1839 
68 650 6.5 253,093 4572 1848 91,580 0 153,660 0 121 1374 
68 71 6.6 197,030 5334 1848 68,636 0 119,185 0 88 1984 
68 50 7.1 268,036 5130 1903 96,823 0 163,000 0 159 1102 
68 57 6.4 212,316 5148 1357 75,584 0 127,660 0 440 2350 
68 55 5.8 224,405 5148 1298 80,460 0 135,240 0 425 2050 
HIGH 68 650 7.1 268,036 5510 2310 96,823 0 163,000 0 440 3634 
LOW 68 49 5.3 21,287 1348 302 6,141 0 10,250 0 82 1102 
MEAN 68 93 6.3 182,414 4338 1298 64,535 0 109,686 0 227 2133 
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geochemical processes occurring in the groundwater flow regime. These 
processes are discussed in Section 4.3. 
The chemistry of drilling muds can be complex, as indicated in 
Section 1.2. Consequently, not all of the possible chemical constituents 
of drilling muds were included in the water and soil analyses. In 
addition, the disposal pits are commonly receptacles for all types of 
other wastes generated during the well-drilling process. It is important 
to understand that the results of this study are limited by the uncer-
tainty of the chemical character of the contaminant. 
4.2 Solute Transport 
Two different approaches are utilized to evaluate the solute trans-
port at the two study sites. The different approaches are necessary due 
to the different hydrogeologic settings. At the Winderl site, contami-
nants are thought to migrate primarily in the glaciofluvial sand and 
gravel deposit, and so the advection-dispersion equation is utilized to 
analyze the transport of solutes. In contrast, the contaminants at the 
Fossum site are thought to migrate along the fractures in the till, and 
not follow the advection-dispersion equation. The groundwater velocity 
along the fractures is compared with the velocity in the till matrix, and 
the transport of contaminants is evaluated using information collected 
from previous studies on contaminant migration through fractured tills. 
4.2.1 J~J. Winderl No. 1 
The transport of non-reactive solutes in groundwater commonly is 
described by two processes: advection, or transport due to the bulk 
movement of the groundwater, and dispersion, which is the spreading out 
of the contaminant as it flows through the subsurface (Anderson, 1984). 
Advection will cause the contaminant to travel away from the source in 
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the direction of groundwater flow. Dispersion results in dilution of the 
contaminant downgradient as it spreads out over a larger area. 
The one-dimensional advection-dispersion equation for non-reactive 
dissolved constituents in a saturated-homogeneous medium under steady-
state conditions can be written as follows: 
- V = 
where tis time, l is the groundwater flow direction, C is the concentra-
tion of solute, vis the average linear velocity, and Dis the coeffi-
cient of hydrodynamic dispersion. The hydrodynamic dispersion coeffi-
cient has two components, dispersivity and diffusion. Except for very 
fine-grained sediments, diffusion is considered negligible. 
This one-dimensional equation is utilized to evaluate solute trans-
port in the Spring.Coulee Creek Aquifer at the Winderl site. With a 
hydraulic conductivity (K) of 8.4 x 10-2 cm/s (the average value from the 
grain-size distribution curves in Appendix J), a porosity (n) of 0.25, 
and a gradient (i) of 0.001 (obtained from the October 1984 water table 
map), the average linear velocity (v) is calculated from the following 
equation: Kj 
V = n 
yielding a value of 0.29 m/day (0.95 ft/day). 
The dispersivity parameter controls the degree of spreading and 
dilution of a solute plume. Dispersivity is related to the heterogeneity 
of a unit and also the scale of observation. Accordingly, to quantify 
dispersivity accurately, field tracer tests should be conducted, which 
are beyond the scope of this study. Gelhar and others (1985) present 
results of several investigations with field tracer tests to estimate 
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dispersivity in glaciofluvial sediments. These results were utilized to 
select three different dispersivity values (lm, 25m and 100m} that are 
thought to create a range that includes the dispersivity of the Spring 
Coulee Creek Aquifer at the scale of this investigation. 
A computer program, ODAST (Javandel and others, 1984), was utilized 
to solve this one-dimensional equation. It was assumed that a point 
source had been active from 1960 to 1984. Breakthrough curves that 
depict the theoretical distribution of the contaminant with distance are 
presented in Figure 32. These curves illustrate the potential for 
widespread contamination within the Spring Coulee Creek Aquifer. The 
analytical solution predicts concentrations of non-reactive constituents 
that approach the concentration at the source at distances up to 3280 and 
7218 feet (1000 to 2200 m) downgradient from the buried disposal pit, for 
dispersivities of 1 metre and 100 metres, respectively. 
Several problems are inherent with the one-dimensional analytical 
solution approach. A homogeneous isotropic medium with steady-state flow 
is never duplicated in actual situations. Also, the disposal pit at the 
Winderl site probably does not act as a continuous point source, but 
rather has diminished in concentration with time. Concentrations in the 
vicinity of the disposal pit are less than other areas at the study site, 
which indicates the source of contamination has been diluted. 
4.2.2 Fossum Federal No. 4 
The lithologic and hydrologic data from the Fossum site indicate 
that fractures in the till cause penneabilities several orders of 
magnitude greater than is indicated by the grain size of the till matrix. 
As a result, the groundwater-flow velocity through these fractures is 
orders of magnitude greater than the velocity through the till matrix. 
104 
Figure 32. Hypothetical breakthrough curves at the Winderl site for 
the transport of non-reactive solutes at dispersivities of 1 m, 25 m, and 
100 m. C/Co is the ratio of the concentration at any point in the flow 
system (C) to the original concentration at the source (Co). 
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The average linear velocity is detennined by dividing the specific 
discharge (the hydraulic conductivity times the gradient) by the 
porosity (the fracture porosity is much less than the intergranular 
porosity). Grisak (1975) suggests values for fracture porosity on the 
-4 order of 2 x 10 • With an average hydraulic conductivity from the 
Fossum site of 1.8 x 10-5 cm/s, a gradient of 0.05 (obtained from the 
October 1984 potentiometric map), and a fracture porosity of 2 x 10-4, 
the average linear velocity along the fractures of is 3.8 m/day (12.8 
ft/day). The intergranular velocity calculated with the same gradient, a 
porosity of 0.30, and a hydraulic conductivity of 5.0 x 10-9 cm/s (sug-
gested by Grisak and Cherry (1975)), is 7.2 x 10-7 m/day (2.4 x 10-6 
ft/day). Although the groundwater velocity along the fractures is high, 
the quantity (or flux) of water is low due to the small volume of pore 
space these fractures constitute. 
Several studies have been conducted on the migration of contaminants 
through fractured ti)l. Experiments by Grisak and others (1980) demon-
strated that diffusion in the till matrix is an important retardation 
mechanism. As the solute migrates along the fractures, solute concen-
tration gradients between the groundwater in the fractures and the till 
matrix cause diffusion of these solutes into the matrix, and the low 
intergranular velocity in the matrix prevents any further significant 
migration. The retardation of contaminants migrating in the fractures, 
accompanied by the relatively low flux of water associated with fracture 
penneability, limits the potential for contaminant migration in the 
fractured tills. 
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4.3 Geochemical Processes 
The movement of solutes in the subsurface is affected by geochemical 
processes that can cause chemical attenuation and reduce the concentra-
tion of the contaminants. Cherry and others (1984, p. 47) identify the 
major attenuation processes for inorganic contaminants as adsorption and 
ion exchange, oxidation-reduction, and precipitation. Chloride, the 
major constituent of the contaminant at both sites, is considered to be 
relatively unaffected by these processes. However, the other colllllon 
constituents (i.e., Na, Ca, Mg, and so42-) as well as the trace metals do 
undergo chemical attenuation. The purpose of this section is to 
qualitatively relate some of these geochemical processes to the chemical 
character of the groundwater at the two disposal sites. 
Adsorption and ion exchange are major processes that control ground-
water chemistry. These reactions are known to occur on colloidal parti-
cles, commonly clays, and hydrous oxides on sand grains (Jenne, 1968). 
Among the constituents of the drilling mud~, the concentrations of 
sodium, calcium, and magnesium are probably most affected by these 
exchange processes. Because the exact nature of the contaminant was not 
defined, neither could the extent to which these reactions ocur. The 
elevated concentrations of calcium and magnesium could result from the 
initial concentrations in the drilling mud or possibly exchange reactions 
with sodium on collodial particles. The x-ray diffraction analyses have 
characterized the clays as predominantly smectite, which have a high 
cation exchange capacity (Krauskopf, 1979). Additionally, these 
reactions are known to occur on iron and manganese coatings on sand 
grains (Jenne, 1968). 
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Trace metals are also affected by adsorption and ion-exchange 
reactions. Griffin and others {1976) present results of column leaching 
experiments that demonstrate the adsorption of trace metals on clay 
particles. Both lead and chromium participate in these exchange reac-
tions, although their concentrations are largely dependent upon other 
geochemical processes. 
Oxidation and reduction {or redox) reactions can also affect the 
solute concentrations of the contaminants. Characteristically, the 
mobility of trace metals is strongly dependent upon the redox conditions 
of the groundwater. Both lead and chromium are relatively i11111obile under 
typical groundwater redox environments. 
The mobility of the contaminants will also be affected by solubility 
controls. As the contaminant travels within the groundwater, precipita-
tion will occur when equilibrium is reached with a solid phase. The 
solubility is controlled by the concentrations of the species that 
constitute the solid phase and the thennodynamics of the reactions. 
Therefore, the concentrations of certain solutes are dependent upon 
equilibrium between those solutes and a solid phase. 
4.4 Distribution and Extent of Contamination 
A major objective of this study was to evaluate the areal and 
vertical extent of contamination that has resulted from leachate migra-
tion out of the buried disposal pit. The water chemistry, resistivity, 
and saturated extract data were utilized for this evaluation. 
4.4.1 J.J. Winderl No. 1 
As discussed in Section 3.5, the highest concentrations of contami-
nation was detected in the wells screened in the till, rather than the 
more penneable sand and gravel deposit of the overlying glaciofluvial 
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channel. In Section 4.2 it was demonstrated that groundwater velocity 
through these tills can be high; however, the flux of water, thus the 
mass of contaminants, is low. Also, these contaminants are attenuated by 
matrix diffusion as they migrate along fractures. There is little 
potential for downward migration through the sand and gravel because the 
flow through this unit is predominantly horizontal. It is therefore 
unlikely that the highest concentrations of contaminants are in the till. 
A better explanation for the high concentrations in the till groundwater 
samples is density stratification of the contaminant in the sand and 
gravel unit, and cross contamination between the two units due to poor 
well construction. 
The high concentration of total dissolved solids in the contaminated 
groundwater (up to 70,000 mg/L) causes the contaminant plume to be more 
dense than fresh water. The plume will tend to migrate along the sand 
and gravel/till contact. Mixing with fresh water and dilution occurs 
along the front of this plume, but the mixing is not complete, and the 
result is density stratification of the contaminant. 
Density stratification is indicated by the water samples from wells 
WP-6 and WP-7. These wells are screened at two different intervals in 
the sand and gravel unit. Well WP-6 is screened from 14.5 ft (4.4 m) to 
9.5 ft (2.9 m) below the surface and WP-7 is screened from 4.5 ft (1.4 m) 
to 9.5 ft (2.9 m) below the surface. The concentration of total 
dissolved solids in the WP-6 sample is 20,335 mg/L, compared to 14,203 
mg/Lin the sample from the shallower WP-7. Similarly, among the wells 
in the marshy area screened in the sand and gravel unit (WP-25, WP-26, 
and WP-27). the highest concentration of total dissolved solids was 
detected in the well screened at the greatest depth, rather than the well 
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nearest to the contaminant source. In contrast, the shallower well 
indicated the greater contamination between WP-10 and WP-11. These 
we1ls, however, are screened in the disposal area where much of the sand 
and gravel deposit has been excavated. 
The annular space above the well screens, for the wells screened in 
till, was filled with approximately 2 ft (0.61 m) of cement and then 
backfilled to the surface with cuttings. The backfill material consisted 
primarily of sand and gravel. The dense contaminants were probably able 
to migrate down the annulus and accumulate above the cement layer. A 
seal from the cement layer is unlikely due to the low volume of cement in 
the hole, and the fact that the cement was poured from the surface 
through an annulus filled with saltwater. Purging of the wells before 
sampling could have allowed for downward migration of contaminants 
through the cement layer and to the well screen. 
The highest concentrations were detected in wells screened in till 
because samples from the wells screened in the overlying sand and gravel 
unit are diluted by the "less-contaminated water" collected from above 
the sand and gravel till contact. Groundwater in the cross-contaminated 
till wells, on the other hand, is from the annular space above the cement 
plug where the dense contaminants had accumulated. 
The interpreted resistivity values are utilized to evaluate the 
distribution of the contaminant at the Winderl site. Two cross sections 
illustrating Dar-Zarrouk interpreted values of resistivity with depth are 
presented in Figure 33. For comparison, the isoconcentration map of 
total dissolved solids is also shown. A layer of high resistivity is 
indicated in the northeastern part of the study area near station 1 
(Figure 33). These high resistivity values are probably a reflection of 
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Figure 33. Northeast-southwest and northwest-southeast cross-
sections of Dar-Zarrouk interpreted resistivity and isoconcentration map 
of total dissolved solids in groundwater at the Winderl site. See Figure 
14 for location of resistivity stations. 
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the thickening of the sand and gravel unit to the north, and also the 
higher surface elevation (i.e., thicker unsaturated zone). These 
lithologic variations tend to mask any variations in resistivity due to 
groundwater contamination. Figure 33 indicates relatively high resisti-
vity values (100 to 1000 ohm-ft (30.5 to 304.8 ohm-m)) in the north-
eastern part of the study area near stations 6 and 7. There are no wells 
or borings in this area so it is not evident whether these resistivity 
values are a reflection of lithology or groundwater conductivity. 
South of the buried disposal pit, the thickness of the sand and 
gravel unit is relatively uniform and resistivity is thought to be a good 
contaminant indicator. The cross sections in Figure 33 illustrate that 
the southern area is interpreted to be underlain primarily by a low-
resistivity layer (<50 ohm-ft; 15.2 ohm-m). An isolated area of higher 
resistivity {50 to 100 ohm-ft; 15.2 to 30.5 ohm-m) is interpreted approx-
imately 5 ft (1.5 m) below the surface, southeast of the disposal pit, 
near stations 12 and 13. The TDS plume map (Figure 33) also shows a 
decrease in the concentration of contaminants within this area. It is 
not clear, however, whether the lower TDS values are the cause of the 
higher resistivity. Regardless, the interpreted resistivity values to 
the south of the disposal pit are significantly below the 1000 to 10,000 
ohm-ft (304.8 to 3048 ohm-m) typical of sand and gravel units (Soiltest, 
1968). Both the interpreted resistivity cross-sections and the TDS plume 
map support the conclusion that contaminants have migrated beyond the 
limits of the study area (Figure 33) to the south and west to Spring 
Coulee Creek. A reduction in the contamination occurs to the southeast, 
but TDS values in this area are still above the recommended drinking 
water standard of 500 mg/L, and also above the TDS value reported as 1700 
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mg/L, typical for glaciofluvial aquifers in the region (Randich and 
Kuzniar, 1984). 
The extent of contamination to the north is not well defined due to 
the lithologic variations and associated problems with interpreting the 
resistivity survey, and also the lack of chemical data from the area. 
The highest concentration of contaminants detected within the sand and 
gravel unit was north of the disposal pit at WP-6 (TDS=20,335 mg/L). 
This well is located near the area where a second pit was constructed 
during workover operations; the high concentrations could reflect 
contamination from this second pit. The situation is further complicated 
to the north by a disposal pit from another oil well located 
approximately 1320 ft (402 m) north of the three background wells (WP-1, 
WP-2, and WP-3). The chloride concentrations detected in these wells 
exceed 6000 mg/L, which is significantly greater than the typical 
concentrations for these glaciofluvial sediments. It is not clear 
whether these wells were contaminated from the disposal pit at the 
Winderl site, or the disposal pit to the north. 
As discussed above, the high concentrations of contaminants detected 
in wells screened in till are thought to reflect cross contamination from 
the upper sand and gra.vel unit. Therefore, any interpretation of the 
vertical extent of contamination from the water chemistry data is subject 
to error. Also, density stratification of the contaminant has hampered 
any accurate qualitative interpretation of the horizontal distribution of 
contamination. The isoconcentration maps not only reflect the 
concentration of contaminants that have migrated horizontally, but also 
the depths and screen lengths of the wells. 
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The near surface 1ow-resistivity layers complicate any interpreta-
tion of the vertica1 variations in resistivity that could indicate 
contamination with depth. The high conductivity of these layers causes 
the electric current, induced during the resistivity surveys, to trave1 
horizonta1ly rather than penetrate deeper as the a-spacing is increased. 
Therefore, the assumption .that the e1ectrode spacing is equal to the 
depth of current penetration is not va1id. 
Although the vertical extent of contamination could not be 
evaluated, boring data indicate that the sand and gravel unit (Spring 
Coulee Creek Aquifer) is the only aquifer identified within 50 feet (15.2 
m) of the surface in the vicinity of the Winderl site. The major 
environmental concern is the extensive horizontal migration that has 
occurred within this unit. 
4.4.2 Fossum Federal No. 4 
Results from the chemical analyses of the lysimeter samples at the 
Fossum site indicate that contaminants are migrating radially away from 
the disposal area at a depth close to the water table. These results 
further indicate a significant decrease in the concentration of the 
contaminants with distance from the source. To illustrate the 
distribution of contaminants in the groundwater, the results of the 
1ysimeter analyses for chloride concentrations are presented in Figure 
34. The primary component of contaminant migration is thought to be to 
the south because chloride concentrations of 1678 mg/L were detected 
approximately 60 ft (18.3 m) to the south of the disposal pit at (Fl-11); 
a significant1y lower concentration of 870 mg/L was detected in the 
sample from FL-6, which is located about 60 ft (18.3 m) north of the 
disposal pit. The potentiometric data indicate the east-west components 
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Figure 34. Chloride concentrations in porewater and shallow 
groundwater at the Fossum site. Refer to Figure 10 for lysimeter 
numbers. 
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· of flow are small, and there is little potential migration in these 
directions. 
An anomalously high sulfate concentration of 20,236 mg/L, approxi-
mately 10 times the level of sulfate in the other lysimeters, was 
detected in .the FL-6 sample. Lysimeter FL-6 is in an area covered by 
fill material that was laid down for construction of the drilling pad. 
The high sulfate concentration could result from contaminants in the 
fill, or possibly spills that have occurred in the area. 
The resistivity survey was of limited value at the Fossum site. 
Several of the resistivity soundings in the vicinity of the disposal pit 
could be conducted only for the smaller electrode spacings due to the 
extremely low resistivity values detected near the surface. The problems 
with the resistivity survey at the Fossum site are thought to result from 
physical obstructions in the area. Electrical lines and pipelines are 
known to exist throughout the subsurface. These obstructions will 
interfere with the electrical current and cause anomalous resistivity 
readings. The apparent resistivity values could not be interpreted by 
the Dar Zarrouk analysis for the resistivity stations near the disposal 
area. Consequently, interpreted resistivity cross sections were not 
constructed. However, the isoresistivity maps presented in Section 3.4 
support the interpretation of the water chemistry data. The low resisti-
vity area, indicating contamination, is centered around the disposal pit 
and slightly skewed to the south. Resistivity increases with distance 
from the disposal area in all directions. The high resistivity values to 
the north probably reflect the near surface sand layer in that area. 
As discussed in Section 3.1, the saturated extract data indicate the 
contaminants are confined primarily to the upper 20 ft (6.1 m) of the 
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Figure 35. Cross-section showing chloride concentrations from 
saturated-paste extracts of sediment at the Fossum site. 
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subsurface. A cross section of chloride concentration with depth was 
constructed from the soluble extract data (Figure 35) to illustrate the 
vertical distribution of contamination in the sediment. The location of 
this cross section is depicted in Figure 10. Figure 35 further indicates 
that the contaminants have migrated horizontally in the sediment beyond 
the limits of the saturated paste extract data. Nevertheless, the 
saturated paste extract results illustrate a significant reduction in 
contaminants laterally from the disposal pit. 
Contamination was detected at depths as great as 60 ft (18.3 m} in 
the groundwater. As discussed in previous sections, the wells were 
installed at depths ranging from approximately 20 to 50 ft (6.1 to 15.2 
m} below the water table. The isoconcentration maps, which are presented 
in Section 3.5, illustrate that the contaminants detected in these wells 
generally are confined to the impoundment area. Slightly elevated 
concentrations of the indicator parameters were detected in the wells to 
the south, but these are significantly below those detected in the 
lysimeter samples, further indicating that horizontal movement of the 
contaminants occurs directly below the water table. 
The contaminants will migrate in these tills due to high groundwater 
velocities associated with the fractures. The maximum horizontal extent 
of contamination was not determined. However, the data indicate that the 
contaminants are attenuated within a relatively short distance of the 
disposal pit. The till is not a source of water for either stock or 
domestic purposes, and no aquifers are threatened in the area. 
Therefore, migration of the contaminants from the disposal pit should not 
present any environmental problems at the Fossum site. 
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4.5 Evaluation of Disposal Practices 
Disposal of drilling fluids in glaciofluvial sediments in north-
central North Dakota is not recommended. At the Winderl site, disposal 
in a g1aciofluvia1 meltwater channel has resulted in widespread contami-
nation and degradation of the Spring Coulee Creek Aquifer. Even if these 
pits are lined, fluid is pushed into unlined trenches during reclamation, 
which a11ows for infiltration through these permeab1e sediments. 
Murphy and Kehew (1984) suggest a reclamation procedure in which a 
synthetic liner is utilized to contain the drilling fluid, and compacted 
fill is mounded over the disposal pits to prevent leachate generation. 
In north-central North Dakota, however, the water table is close to the 
surface, and portions of the disposal pits are conunonly in the saturated 
zone. Leachate would be generated by either vertical infiltration or 
horizontal flow through the buried disposal pits. Containment of this 
leachate would be dependent solely upon the integrity of the synthetic 
liner and careful disposal techniques that prevent movement of ground-
water through the disposal pits. Because of the difficulties of ensuring 
proper disposal and the potential for contaminant migration in these 
glaciofluvial sediments, this disposal method is also not recommended. 
The environmental. impact from disposal of drilling muds in till is 
dependent upon the geologic setting. Results from the Fossum site 
investigation indicate that contaminant migration will occur in these 
tills through fractures. However, the contaminants are attenuated within 
a relatively short distance from the disposal pits. Nevertheless, 
numerous sand lenses were encountered within the till. These penneable 
lenses could provide avenues for migration of contaminants to nearby 
aquifers. A subsurface investigation should be conducted at each 
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. disposal site to identify all permeable strata in the area and locate any 
nearby aquifers. 
Since 1984. some local operators have been transporting the drilling 
muds off site to a central disposal site located in southeastern Williams 
county (Prairie Disposal). This site is under the jurisdiction of the 
North Dakota State Department of Health's Division of Hazardous Waste 
Management. The chemical analyses of the drilling mud must be provided 
to this agency for approval prior to disposal at this site. In addition 
to the Prairie Disposal site, there are currently three other proposed 
central disposal sites in central and western North Dakota (Tillotson, 
1986). 
The advantage of consolidation of this waste is that the number of 
disposal areas is decreased, which allows for more efficient regulation. 
However, a major aspect that reduces the potential for more environmental 
problems resulting from drilling-fluid disposal is the relatively low 
volume of waste associated with the drilling-fluid reserve pits. The 
consolidation of these wastes will increase the potential for adverse 
environmental impact problems if improper disposal techniques are 
utilized. The state of North Dakota should carefully regulate these 
centralized disposal areas and require groundwater monitoring to ensure 
that leachate migration does not occur. 
5.0 CONCLUSIONS 
The following conclusions have been derived from the results of this 
study: 
1. The contaminant is characterized as predominantly chloride and 
sodium with lesser amounts of calcium, magnesium, sulfate, and 
potassium. In addition, chromium and lead were detected above the 
maximum permissible concentration {MPC) in drinking water at the 
Winderl site, and chromium was detected above MPC at the Fossum 
site. The exact chemical composition of the contaminant could not 
be determined because the chemical analyses were conducted for a 
limited number of parameters. 
2. A one-dimensional ·analytical solute transport analysis indicates 
high concentrations of contamination at the Winderl Site over 3300 
ft {1000 m) downgradient from the disposal pit. The analytical 
solution is a simplified approach, although the analysis does 
suggest the potential for widespread solute migration within these 
glaciofluvial sediments. Fractures within the till at the Fossum 
site result in permeability values much greater than the grain size 
of these tills indicates. The groundwater velocity through these 
fractures is estimated at 12.8 ft/day {3.9 m/day). Molecular 
diffusion within the tills, however, is an important retardation 
mechanism that reduces the concentration of the contaminants along 
the fractures with increased distance from the source. 
3. The movement of the contaminants is probably affected by several 
attenuation mechanisms including adsorption and ion exchange, 
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J oxidation and reduction, and chemical precipitation. The extent of 
these reactions is dependent upon the exact composition of the 
contaminant and geochemistry of the sediments. 
4. At the Winderl site, contamination has extended horizontally beyond 
the boundary of the study area and resulted in extensive degradation 
of the Spring Coulee Creek Aquifer. The vertical extent of contami-
nation could not be determined due to cross contamination between 
units during well construction. At the Fossum site, the horizontal 
extent of contamination is also not well defined; however, attenu-
ation is evident, reducing the potential for widespread contamina-
tion. Although contaminants were detected in the groundwater at 
depths as great as 60 ft (18.3 m} at the Fossum site, contaminant 
migration primarily is occurring in the upper portion of the till 
unit directly below· the water table. 
5. Disposal of drilling fluids in glaciofluvial sediments is not 
recommended. The Winderl site exemplifies the adverse effects that 
seepage from drilling fluid disposal pits can have on glaciofluvial 
aquifers. The environmental impact of drilling fluid disposal in 
till is dependent upon the geologic setting. Migration of the 
drilling fluid constituents will occur along fractures in the till, 
and widespread contamination can occur if these contaminants inter-
sect permeable lenses that provide avenues for migration. There-
fore, a subsurface investigation is necessary at the till disposal 
sites to identify these permeable lenses and locate any nearby 
aquifers. 
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APPENDICES 
APPENDIX A 
Elevations of Piezometers, Depths to Screened 
Intervals, and Depths of Lysimeters 
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Depth of Screened Piezometer 
Piezometer Interval from Surface Elevation Dri 11 i ng 
Number {feet) {feet) Remarks 
WP-1 40.2 - 45.2 1552.52 Used Mud 
WP-2 20.8 - 25.8 1553.61 Used Mud 
WP-3 4.1 - 14.1 1553.52 Used Mud 
WP-4 34.9 - 39.9 1550.08 Used Mud 
WP-5 22.0 - 27.0 1549.84 Used Mud 
WP-6 9.5 - 14.5 1550.09 Used Mud 
WP-7 4.5 - 9.5 1550.18 Used Mud 
WP-8 49.5 - 54.5 1550.17 Used Mud 
WP-9 27.7 - 32.7 1550.09 Used Mud 
WP-10 10.2 - 15.2 1550.11 Used Mud 
WP-11 6.5 - 11.5 1550.11 Used Mud 
WP-12 4.5 - 14.5 1549.48 Used Mud 
WP-13 30.2 - 35.2 1549 .14 Used Mud 
WP-14 40.0 - 45.0 1548.98 Used Mud 
WP-15 41.3 - 46.3 1548.53 Used Mud 
WP-16 20.0 - 25.0 1548.67 Used Mud 
WP-17 5.7 - 15.7 1548.92 Used Mud 
WP-18 36.1 - 41.1 1549.10 Used Mud 
WP-19 23.7 - 28.7 1549.16 Used Mud 
WP-20 6.4 - 16.4 1550.23 Used Mud 
WP-21 4.5 - 14.5 1549.12 Used Mud 
WP-22 20.0 - 25.0 1548.96 Used Mud 
WP-23 39.4 - 44.4 1549.69 Used Mud 
WP-24 6.1 - 8.6 * Hand Auger 
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Depth of Screened Piezometer 
Piezometer Interval from Surface Elevation Drilling 
Number (feet) (feet) Remarks 
WP-25 10.5 - 13.0 * Hand Auger 
WP-26 5.8 - 8.3 * Hand Auger 
WP-27 40.5 - 45.5 1551.89 Used Mud 
WP-28 20.8 - 25 .8 1551. 76 Used Mud 
WP-29 4.9 - 14.9 1551.89 Used Mud 
FP-1 56.3 - 61_.3 1506.31 Used Soap 
FP-2 39.2 - 49.2 1506.27 Air Drilled 
FP-3 56.0 - 61.0 1506.64 Air Drilled 
FP-4 35.4 - 45.4 1506.61 Air Drilled 
FP-5 55.8 - 60.8 1505.38 Air Drilled 
FP-6 35.5 - 45.5 1505.35 Air Drilled 
FP-7 " 54. 2 - 59 .2 1506.82 Air Drilled 
FP-8 36.0 - 46.0 1506.86 Air Drilled 
FP-9 55.4 - 60.4 1505.91 Air Drilled 
FP-10 36.2 - 46.2 1505.86 Air Drilled 
FP-11 36.2 - 46.2 1506.67 Air Drilled 
FP-12 54.0 - 59.0 1506.70 Air Drilled 
* Note: Wells WP-24, WP-25 and WP-26 were installed after the survey 
for well elevations had been completed. 
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Lysimeter 
Number Depth (feet) 
FL-1 14 
FL-2 9 
FL-3 4 
FL-4 19 
FL-5 9 • 
FL-6 4 
FL-7 4 
FL-8 9 
FL-9 14 
FL-10 9 
FL-11 14 
WL-1 4 
WL-2 9 
APPENDIX B 
. Slug Test Procedure 
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Either a 5- or 10-foot (1.5 to 3 m) slug was dropped down each 
piezometer. The 5-foot (1.5 m) slug raised the water level in the 
piezometers approximately 0.5 m; the 10-foot (3 m) slug raised the level 
approximately 1.0 m. It was observed that the water-level rise due to 
the attached rope significantly affects the results of the test; there-
fore, this water-level rise was also accounted for in the hydraulic 
conductivity calculations. After the slug was dropped down the piezo-
meter, an electric tape was used to measure the water levels at specific 
time intervals. Linear regression analysis was conducted for each 
piezometer--regressing the unrecovered head difference against time. The 
hydraulic conductivity values were calculated from the following method 
outlined by Hvorsley (1952): 
K = r
2 ln{L/R) 
2LT0 
where Lis the length of the screen; R is the radius of the piezometer 
intake; r is the radius of the piezometer; T0 is the basic time lag for 
37% recovery, which was calculated from the linear regression analysis. 
APPENDIX C 
Textural Analysis Procedure 
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11111. 
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The sample was air dried and disaggregated to particles less than 15 
Approximately 45 grams of the sample were weighed and soaked in 125 
ml of 4% Calgon solution overnight. A test solution of 125 ml of 4% 
Calgon with deionized water was prepared in a 1000 ml graduated cylinder 
and also allowed to stand overnight. After soaking, the sample was 
stirred and agitated until all the clumps had been broken up. The sample 
and solution then were placed in a 1000 ml graduated cylinder with 
deionized water and shaken until all the sediment was in suspension. 
After the sample settled for 2 hours and 30 minutes, a hydrometer reading 
was taken and the hydrometer reading of the test solution subtracted from 
it to determine the clay weight. The sample was wet-sieved to remove the 
silt and clay, and the remaining sand and gravel was oven-dried over-
night. The sand and gravel fractions were separated with a Ro-Tap 
mechanical shaker and No. 10 {2 mm}, No. 18 {l mm}, and No. 230 {0.063 
mm} sieves. The sand and gravel percentages were calculated, and all the 
sediment not accounted for by clay, sand, or gravel was considered silt. 
APPENDIX D 
Sample Preparation Technique for X-Ray Fluorescence 
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Each samp1e was oven-dried overnight at 25°C. The samples taken 
from the disposal pit and those that smelled of hydrocarbons were 
oven-dried an additional five days at 75°C to "burn off" any hydrocarbons 
that could volatilize in the XRF sample chamber. Ten grams of the sample 
were ground up with a porcelain mortar and pestal until six grams would 
pass through a number 200 (.074 nun) sieve. Three drops of deionized 
water were thoroughly mixed with the sample to act as a binder. The 
pressed pellets were made by placing the sample in a 1.25 in (3.2 cm) 
diameter aluminum cap and applying five tons/square inches of weight for 
three minutes. 
APPENDIX E 
Saturat~d-Paste Extract Analysis Procedure 
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Deionized water was added to 200 to 1000 gms of air-dried sample 
with known weight and water content until the saturation point was 
reached. At the saturation point, the soil paste glistens as it reflects 
light, and the soil flows slightly as the container is tipped. The 
saturated percentage was calculated from the weight of the air-dried 
sample, and the sum of the weights of the water originally present in the 
sample plus the water that was added to reach the saturation point. 
After the sample was allowed to stand at least four hours, the pH 
was determined. The paste then was transferred to a funnel equipped with 
filter paper, and the extract was removed with a vacuum. To prevent 
precipitation of Caco3, 1 ml of (NaP03)6 was added per 25 ml of extract. 
The electrical conductivity (EC) and sodium adsorption ratio (SAR) of the 
extract were determined in addition to concentrations of potassium, 
sodium, bicarbonate, sulfate, and chloride. 
APPENDIX F 
Driller's Lithologic Logs 
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WINDERL SITE 
Depth (feet) 
0-15 
15-42 
42-45 
45-80 
0-16 
16-23 
23-25 
25-45 
' 
0-5 
5-10 
10-18 
18-31 
31-32 
32-45 
WP-1 
Sand and gravel 
Till 
Sand and gravel 
Till 
WP-4 
Sand and gravel 
Till 
Sand and gravel 
Till 
WP-8 
Fi 11 
Dri 11 i ng mud 
· Sand and gravel 
Till 
Sand and gravel 
Till 
WP-14 
0-14 Sand and gravel 
14-28 Till 
28-32 Sand and gravel 
32-33 Till 
33-35 Sand and gravel 
35-45 Till 
WP-15 
0-2 Organic materail 
2-16 Sand and gravel 
16-45 Till 
0-2 
2-14.5 
14.5-45 
WP-18 
Organic material 
Sand and gravel 
Till 
Depth (feet) 
0-6 
6-16. 5 
16.5-21 
21-25 
25-45 
0-2.5 
2.5-8.75 
0-2 
2-15 
15-45 
WP-23 
Fi 11 
Sand and gravel 
Till 
Sand and gravel 
Till 
WP-25 
Organic material 
Sand and gravel 
WP-27 
Organic material 
Sand and gravel 
Till 
FOSSUM SITE 
Depth (feet) FP-1 
0-2 Soi 1 
2-3 Sand and gravel 
3-57 Till 
57-60.5 Sand and gravel 
FP-3 
0-5 Fi 11 
5-15 Drilling mud 
15-55 Till 
55-57 Sand and gravel 
57-60 Till 
FP-5 
0-59 Till 
59-60 Sand and gravel 
FP-7 · 
0-35 Till 
35-37.5 Sand and gravel 
37.5-60 Ti 11 
FP-9 
0-57 Til 1 
57-60 Sand and gravel 
FP-12 
0-28 Till 
28-31 Sand and gravel 
31-63 Ti 11 
63-65 Sand and gravel 
APPENDIX G 
Lithologic Description of Shelby-Tube Samples 
WS-1 Depth 
0-1 
1-5 
5-8 
WS-2 Depth 
0-5.5 
5.5-6.5 
6.5-7.2 
(feet) 
(feet) 
143 
Silt; sandy, sand is very coarse grained, poorly 
sorted; very dark grayish brown, lOYR 3/2. 
Sand and gravel; brown, lOYR 5/3. 
Sand and gravel; light yellowish brown, lOYR 6/4. 
Sand and gravel mixed with soil. 
Fill. 
Drilling mud. 
144 
FS-1 Depth (feet) 
0-1 Silt; sandy, sand is very fine grained, brown; 7.5YR 
3/2; soil. 
1-2 Silt; sandy, sand is medium grained; calcareous; 
light gray, 2.5YR 3/2. 
2-3 Sand; medium-grained; well sorted; subrounded; 
calcareous; very pale brown, lOYR 7/4. 
3-25 Loam; pebbly, pebbles are predominantly carbonates, 
some dark gray shale, lignite and igneous rock 
fragments; calcareous; iron staining; very pale 
brown, lOR 7/4; horizontal and vertical fractures 
below 5 feet; 
3-8 iron staining; specs of microcrystalline 
calcite; yellowish brown, lOYR 5/6; 
8-10 iron staining concentrated along fracture 
surfaces; dark yellowish brown, lOYR 4/6; 
10-14 · iron and spotted manganese staining concentrated 
along fracture surfaces; dark yellowish brown; 
12.5 ft to 14 ft--mottled with very dark gray, 
SY 3/1; 
14-17.5 manganese staining covers up to 50% of fracture 
surfaces; iron staining also along fractures; 
dark yellowish brown mottled with very dark 
gray; 
17.5-21 iron staining concentrated exclusively along 
fracture surfaces; no manganese staining; very 
dark gray; 
21-25 no staining; very dark gray. 
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FS-2 Depth (feet) 
0-1 Silt; black, 7.5Y 7/2; soil. 
2-3 
3-3.5 
3.5-4.5 
4.5 
4.5-19.5 
Clay; silty; calcareous; light gray, 2.SY 7/2. 
Sand; very fine-grained; subrounded; silty; 
calcareous; iron-stained; light olive brown, 2.SY 
5/4. 
Clay; silty; calcareous; light olive gray, SY 6/2. 
Sand; medium-grained; subrounded; iron-stained, 
approximately 5-10 mm thick. 
Loam; pebbly, pebbles predominately carbonates, and 
igneous and metamorphic rock fragments, some dark 
gray shale and lignite; horizontal and vertical 
fractures; 
4.5-5 iron staining; olive yellow; 2.SYR 6/6; 
5-12.5 iron staining concentrated along fractures; 
1-3 mm thick lenses of microcrystalline calcite; 
nodules of gypsum; brown, 2.SY 5/6; thin 
horizontal sand lenses at 6 ft and 7 ft; sand is 
fine-grained, subrounded to subangular, well 
sorted; 
12.5-15 iron and manganese concentrated on fracture 
surfaces; manganese increases with depth and 
covers up to 50% of fracture surfaces; grayish 
brown, 2.SY 3/2. 
15-16 iron staining concentrated exclusively on 
fracture surfaces; no manganese staining; very 
dary gray, SY 3/1. 
16-19.5 no staining; very dark gray, SY 3/1; 18.5 ft to 
19 ft--well-sorted silt, light brownish gray, 
lOYR 6/2, mottled with very dark gray. 
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FS-3 Depth (feet) 
0-1 Silt, calcareous; very dark gray, 2.5Y 3/1; soil. 
Fill. 1-5 
5-10 
10-12.5 
12.5-28 
Drilling mud. 
Mixture of drilling mud and sediment. 
Loam; pebbly, pebbles are predominately carbonates 
and igneous and metamorphic rock fragments, some dark 
gray shale; calcareous; horizontal and vertical 
fractures; 
12.5-15 iron and manganese staining; predominantly along 
fractures; olive brown, 2.SY 4/4; 
15-16 iron staining exclusively on fracture surfaces, 
no manganese staining; very dark gray, SY 3/1; 
16-39.5 no staining; sandy, dark gray to olive gray, 
SY 5/2; sand inclusions and sand lenses 
throughout; 
39.5-47.5 very dark gray; pebbles include clinker; thin 
lenses of very coarse-grained, subrounded sand. 
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FS-4 Depth (feet) 
0-1 Silt; very dark brown, lOYR 2/2; soil. 
1-2 
2-2.5 
2.5-3 
3-4 
4-20 
Sand; fine-grained; subrounded; silty; slightly 
calcareous; dark grayish brown, 2.SY 4/2. 
Clay; sandy, sand is fine-grained, subrounded; iron 
staining; slightly calcareous; dark grayish brown, 
2.5Y 4/2. 
Clay; sandy, sand is fine-grained, subrounded; 
pebbly, pebbles are predominately carbonates and 
igneous and metamorphic rock fragments, some dark 
gray shale and lignite; 40% micro-crystalline calcite 
in a fenestral pattern; olive brown, 2.5Y 4/4, 
mottled with white. 
Clay, silty; iron-stained; specks of calcite 
throughout; pale olive, SY 6/4. 
Loam, pebbly, pebbl~s are similar to the 2.5-3 ft 
interval; calcareous; horizontal and vertical 
fractures; 
4-12.5 iron staining and spotted manganese staining; 
dark grayish brown, 2.5Y 3/2; 
12.5-14 iron and manganese staining concentrated along 
fractures; manganese covers up to 30% of 
fracture surfaces; increased concentration of 
lignite fragments; dark grayish brown; 
14-15 iron staining concentrated exclusively on 
fracture surfaces, no manganese staining; very 
dark gray, SY 3/1; 
15-20 no staining; very dark gray, SY 3/1; nodules of 
light gray well-sorted silt up to 60 nm in 
diameter 
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FS-5 Depth (feet) 
0-1.2 Silt; specks of microcrystal1ine calcite throughout; 
black, lOR 2/1; soil. 
1.2-2.4 
2.4-3.5 
3.5-30 
Silt; calcareous; localized iron staining; light 
gray, 5Y 7/2. 
Loam; pebbly, ·pebbles are predominately carbonates 
and igneous and metamorphic rock fragments, some dark 
gray shale and lignite fragments; 5-10% 
microcrystalline calcite; olive, 5Y 5/4. 
Loam; pebbly; pebbles are the same as the 2.4 ft to 
3.5 ft interval; horizontal and vertical fractures; 
calcareous; 
3.5-5.75 iron staining; nodules of gypsum crystals; 
olive, SY 5/4; 
5.75-6 20-30% microcrystalline calcite in a fenestral 
pattern; iron and manganese straining; nodules 
of gypsum crystals; olive; 
6-9 iron and manganese staining; light olive brown, 
7.5Y 5/6; 
9-16.5 iron and manganese staining concentrated along 
fractures; manganese covers up to 30% of 
fracture surfaces; olive brown, 2.5Y 4/4. 
16.5-17.5 iron staining concentrated exclusively along 
fractures, no manganese staining; very dark 
gray, 5Y 3/1; 
17.5-30 no staining; very dark gray, 5Y 3/1; lenses of 
fine-grained, well-sorted, subangular sand 5-10 
mm thick; 28.5-29 ft, sand--similar to the 
lenses. 
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FS-6 Depth (feet) 
0-0.4 Silt; slightly calcareous; black, lOYR 2/1; soil. 
Fi 11 • 0.4-1. 4 
1. 4-1. 8 
1.8-3 
3-5 
5-10 
10-15 
15-20 
Silt; clayey; calcareous; laminated; light gray, SY 
7/2. 
Loam; very pebbly, pebbles are predominately 
carbonates and igneous and metamorphic rock fragments 
with some ~ark gray shale; calcareous; localized iron 
staining; light olive gray, SY 6/2; not sure of the 
length of the interval because there was only partial 
recovery. 
Loam; silty; pebbly, pebbles are the same composition 
as the preceding interval; iron staining; 5-10% 
calcite in a fenestral pattern; olive brown, 2.5Y 
4/4. 
Loam; pebbly, pebble composition similar to the 
preceding interval; horizontal and vertical fractures 
from·? ft to 10 ft. 
No sample. 
Loam; pebbly, pebbles are predominately carbonates 
and igneous and metamorphic rock fragments with some 
dark gray shale; calcareous; horizontal and vertical 
fractures; 
15-16.5 iron and manganese staining concentrated on 
fracture surfaces; dark grayish brown, 2.5Y 3/2; 
16.5-17.5 iron staining concentrated exclusively on 
fracture surfaces, no manganese staining; very 
dark gray SY 3/1; 
17.5-20 no staining; very dark gray; at 19.5 is a thin 
lens of medium-grained, subrounded, poorly-
sorted sand; 19.5 ft to 20 ft--nodules of 
fine-grained, subrounded, poorly-sorted sand. 
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FS-7 Depth {feet) 
0-1.2 Silt, very dark grayish brown, lOYR 2/2; soil. 
Sand; medium-grained; subrounded; well-sorted; 
slightly calcareous; light olive brown, 2.SY 5/6. 
1.2-1.6 
1. 6-3 .o 
3.0 
3.0-3.5 
3.5-17.5 
Clay; silty; calcareous; slight iron staining; pale 
olive, SY 6/4. 
Sand; fine-grained; subrounded; well-sorted; 
calcareous; iron stained; 5-10 Rill thick; brownish 
yellow, lOYR 6/8. 
Clay; silty; iron staining; light yellowish brown, 
2.SY 6/6, mottled with light gray, 2.SYR 3/2. 
Loam; pebbly, pebbles are predominately carbonates, 
and igneous and metamorphic rock fragments, some dark 
gray shale and lignite fragments; calcareous; 
horizontal and vertical fractures; 
3.5-8.5 sandy, sand is fine grained; iron staining; 
light olive brown, 2.SY 5/4; 
8.5-12 iron staining and spotted manganese staining 
concentrated along fractures; light olive brown; 
12-14.5 iron staining and manganese staining concen-
trated on fractures--manganese covers up to 20% 
of fracture surfaces; olive brown, 2.5Y 4/5. 
14.5-16 iron and manganese staining exclusively on 
fracture surfaces; very dark gray, SY 3/1; 
16-16.8 iron staining concentrated exclusively on 
fracture surfaces, no manganese staining, very 
dark gray; 
16.8-17.5 no staining; very dark gray. 
APPENDIX H 
Results of Textural Analyses 
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Depth Sand Silt Clay 
Hole (feet) ( %) {%) (%) 
WS-1 3-5 87.6 10.0 2.4 
WS-1 5-8 94.5 5.5 a.a 
WP-2 15 33.8 36.5 29.7 
WP-9 18.5 33.2 37.0 29.8 
WP-25 3-6 87.4 9.2 3.4 
FS-1 5 60.5 25.9 13.6 
FS-1 10 35.9 35.4 28.7 
FS-1 15 35.6 36.2 28.2 
FS-1 25 32.4 29.3 28.2 
FS-2 18.5 0.1 88.3 11.0 
FS-3 15 35.2 31.1 27.1 
FS-3 20 36.1 38.0 25.9 
FS-3 28 67.2 28.4 4.4 
FS-3 40 49.2 30.8 20.0 
FS-3 45 38.4 36.0 25.6 
FS-5 1.5 19.2 55.7 25.1 
FS-7 0.5 53.5 29.0 17.5 
FS-7 1.5 70.2 18.8 11.0 
FS-7 5 37.2 31.0 25.8 
FS-7 10 35.4 38.1 26.5 
FS-7 15 35.3 36.9 27.8 
APPENDIX I 
Hydraulic Conductivity Values From Slug Test Data 
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Hydraulic 
Depth Conductivity 
Piezometer (feet) (cm/s) 
WP-2 22.8 5.6 X 10-3 
WP-6 26.0 8.3 X 10-5 
WP-7 38.8 5.5 X 10-5 
WP-8 53.5 1.8 X 10-5 
WP-9 31. 7 1.8 X 10-4 
WP-13 34.2 1.3 X 10-4 
WP-14 44.0 1.2 X 10-4 
WP-16 ~5.2 3.7 X 10-4 
WP-22 24.0 1.4 X 10-4 
WP-23 42.3 2.4 X 10-6 
WP-27 43.4 5.0 X 10-6 
WP-28 23.8 2.2 X 10-5 
FP-1 60.3 4.0 X 10-5 
FP-2 48.2 5.2 X 10-6 
FP-3 60.0 5.7 X 10•6 
FP-4 44.4 1.6 X 10-5 
FP-5 59.8 2. 7 X 10-S 
FP-6 44.5 2.1 X 10-5 
FP-7 58.2 1. 7 X 10-5 
FP-8 45.0 4.5 X 10-6 
FP-9 59.4 5.7 X 10-5 
FP-10 45.2 8.1 X 10-6 
FP-11 45.2 6.0 X 10·6 
FP-12 58.0 1.5 X 10-5 
APPENDIX J 
Grajn Size Distribution Curves 
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Figure 36. Grain size distribution curves for sediments samples 
from the Winderl site. 
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APPENDIX K 
Apparent and Interpreted Resistivity Profiles at the 
Winderl and Fossum Study Sites 
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Figure 37. Apparent and interpreted resistivity profiles for 
stations 1-4 at the Winderl study site. 
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Figure 38. Apparent and interpreted resistivity profiles for 
stations 5-8 at the Winderl study site. 
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Figure 39. Apparent and interpreted resistivity profiles for 
stations 9-12 at the Winderl study site. 
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Figure 40. Apparent and interpreted resistivity profiles for 
stations 13-16 at the Winderl study site. 
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Figure 41. Apparent and interpreted resistivity profiles for 
stations 17-20 at the Winderl study site. 
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Figure 42. · Apparent and interpreted resistivity profiles for 
stations 21-24 at the Winderl study site. 
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Figure 43. Apparent and interpreted resistivity profiles for 
stations 25-28 at the Winderl study site. 
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Figure 44. Apparent and interpreted resistivity profiles for 
stations 29 and 30 at the Winderl study site. 
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Figure 45. Apparent and interpreted resistivity profiles for 
stations 1-4 at the Fossum study site. 
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Figure 46. Apparent and interpreted resistivity profiles for 
stations 5-8 at the Fossum study site. 
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Figure 47. Apparent and interpreted resistivity profiles for 
stations 9-12 at the Fossum study site. 
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Figure 48. Apparent and interpreted resistivity profiles for 
stations 13-16 at the Fossum study site. 
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Figure 49. Apparent and interpreted resistivity profiles for 
stations 17-20 at the Fossum study site. 
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Figure 50. Apparent and interpreted resistivity profiles for 
stations 21-24 at the Fossum study site. 
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Figure 51. Apparent and interpreted resistivity profiles for 
station 25 at the Fossum study site. 
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APPENDIX L 
Isoresistivity Maps 
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Figure 52. Location map for resistivity stations and isoresistivity 
maps for electrode spacings of 3, 5, and 8 feet (0.9, 1.5, and 2.4 m) at 
the Winderl site. 
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Figure 53. Apparent isoresistivity maps for electrode spacings of 
10, 12, 16, and 20 feet (3.05, 3.7, 4.9, and 6.1 m) at the Winderl site. 
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Figure 54. Apparent isoresistivity maps for electrode spacings of 
24, 30, 40, and 50 feet (7.3, 9.1, 12.2, and 15.2 m) at the Winderl site. 
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Figure 55. Apparent isoresistivity maps for electrode spacings of 
60, 80, and 100 feet (18.3, 24.4, and 30.5 m) at the Winderl site. 
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Figure 56. Resistivity station map and isoresistivity maps of 3, 5, 
and 8 feet (0.9, 1.5, and 2.4 m} at the Fossum site. 
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Figure 57. Isoresistivity maps for electrode spacings of 10, 12, 
16, and 20 feet (3.1, 3.7, 4.9, and 6.1 m) at the. Fossum site. I 
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Figure 58. Isoresistivity maps for electrode spacings of 24, 30, 
40, and 50 feet (7.3, 9.1, 12.2, and 15.2 m) at the Fossum site. 
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APPENDIX M 
Ground~ater and Pore Water Chemistry 
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We11 Number WP-1 WP-2 WP-3 
Date 10-26-84 10-26-84 10-26-84 
Temperature°C 9.5 9.0 9.5 
Field pH 7.00 7.20 7 .10 
Field Conductivity 2400 5400 3500 
µmhos/cm 
Lab pH@ 22°c 7.53 7.52 7.57 
Lab Conductivity 2653 8120 1624 
µmhos/cm 
TOS mg/L 2054 6179 1130 
Hardness mg/L 700 1543 303 
A1kalinity mg/L 279 171 189 
Ca mg/L 172 447 74 
Mg mg/L 66 104 28 
Na mg/L 355 1124 221 
K mg/L 25 40 16 
S04 mg/L 667 112 38 
Cl mg/L 360 2605 401 
N03 mg/L 0.4 0.5 6.6 
Fe µg/L 273 19 105 
Mn µg/L 892 976 740 
Cr µg/L 19.7 3.2 2.2 
Pb µg/L 1.0 5 2.6 
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Well Number WP-4 WP-5 WP-6 
Date 10-26-84 10-26-84 10-26-84 
Temperature°C 10.5 10.5 10.5 
Field pH 7.25 7.20 6.65 
Field Conductivity 6000 5500 14500 
µmhos/cm 
Lab pH@ 22°c 7.72 7. 71 7 .40 
Lab Conductivity 8185 6370 46557 
µmhos/cm 
TDS mg/L 5462 4409 20335 
Hardness mg/L 1089 753 7539 
Alkalinity mg/L 421 268 114 
Ca mg/L 204 211 2242 
Mg iug/L 141 55 471 
Na mg/L 1277 1111 3307 
K mg/L 100 75 111 
so4 mg/L 134 132 261 
Cl mg/L 2240 2061 10195 
N03 mg/L 0.5 4.3 
Fe µg/L 113 61 792 
Mn µg/L 903 530 7620 
Cr µg/L 36 23 417 
Pb µg/L 6.2 3.9 25 
Well Number WP-7 wP-8 WP-9 
Date 10-26-84 10-26-84 10-26-84 
Temperature°C 11.0 9.0 9.5 
Field pH 6.85 7.40 7.25 
Field Conductivity 10900 2600 5500 
µmhos/cm 
Lab pH@ 22°C 7.45 7.42 7.41 
Lab Conductivity 16934 2891 8727 
µmhos/cm 
TDS mg/L 14203 2054 7978 
Hardness mg/L 3910 726 2628 
Alkalinity mg/L 192 140 136 
Ca mg/L 1174 184 803 
Mg mg/L 238 .. 64 151 
Na mg/L 2323 354 744 
K mg/L 95 27 46 
so4 mg/L 313 505 387 
Cl mg/L 6007 622 2734 
N03 mg/L 0.4 0.14 0.4 
Fe µg/L 3225 18 129 
Mn µg/L 6256 329 3519 
Cr µg/L 23.1 14.7 19.8 
Pb µg/L 32.8 1.5 1.4 
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Well Number WP-10 WP-11 WP-12 
Date 10-26-84 10-26-84 10-26-84 
;1 
Temperature°C 9.5 9.5 10.0 
Field pH 7.22 7.10 7.10 
Field Conductivity 5900 6100 8000 
µmhos/cm 
Lab pH@ 22°c 7.85 7.46 7.57 
Lab Conductivity 7817 8521 11596 
µmhos/cm 
TDS mg/l 4898 6113 8348 
Hardness mg/L 800 1440 1170 
Alkalinity mg/L 312 398 320 
Ca mg/L 219 301 404 
Mg mg/l 61 167 160 
Na mg/L 1299 1259 1803 
K mg/l 56 60 106 
S04 mg/L 142 467 132 
Cl mg/L 2316 2659 3538 
N03 mg/L 7.2 0.5 0.4 
Fe µg/L 31 28 125 
Mn µg/L 1187 2421 1927 
Cr µg/L 22.6 1.1 36.2 
Pb µg/L 6.3 2.6 7.6 
209. 
Well Number WP-13 WP-14 WP-15 
Date 10-26-84 10-26-84 10-26-84 
Temperature°C 10.5 9.5 8.5 
Field pH 6.35 7.15 7.20 
Field Conductivity 62000 2900 3400 
µmhos/cm 
Lab pH@ 22°c 7.00 7.51 7.7 
Lab Conductivity 85968 3086 3865 
µmhos/cm 
TDS mg/L 70492 2290 2732 
Hardness mg/L 14198 789 898 
Alkalinity mg/L 136 346 180 
Ca mg/L 4415 187 233 
Mg mg/L 771 78 77 
Na mg/L 20013 463 522 
K mg/L 618 26 32 
S04 mg/L 257 631 509 
Cl mg/L 42105 505 872 
N03 mg/L 0.3 0.4 <0.1 
Fe µg/L .12653 9 59 
Mn µg/L 11177 1114 840 
Cr µg/L 14.9 28.5 14 
Pb µg/L 8.3 1.3 2.2 
r ,' 210 
' 
• 
:J 
Well Number WP-16 WP-17 WP-18 .-, 
,$ 
,,r~ 
Date 10-26-84 10-26-84 10-26-84 
Temperature°C 8.0 8.5 9.0 
Field pH 6.70 7.10 7.15 
Field Conductivity 15100 4900 1825 
µmhos/cm 
Lab pH@ 22°c 7.46 7.54 8.05 
Lab Conductivity 46773 6204 1862 
µmhos/cm 
TDS mg/L 18669 3700 1526 
Hardness mg/L 5229 845 565 
~lkalinity mg/L 154 531 224 
Ca mg/L 1720 193 135 
Mg mg/L 227 88 55 
Na mg/L 4022 1005 240 
K mg/L 130 38 22 
S04 mg/L 185 137 756 
Cl mg/L 8808 1746 74 
N03 mg/L <0.1 1.2 0.4 
Fe µg/L 7922 172 55 
Mn µg/L 753 432 797 
Cr µg/L 26 15 3.4 
Pb µg/L 83 8.8 11.9 
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Well Number WP-19 WP-20 WP-21 
Date 10-26-84 10-26-84 10-26-84 
Temperature °C 9.0 9.0 10.5 
Field pH 7.15 7.00 7.00 
Field Conductivity 1550 4500 5400 
µmhos/cm 
Lab pH@ 22°c 7.50 7.45 7 .64 
Lab Conductivity 1570 5511 7243 
µmhos/cm 
TOS mg/L 1318 3894 5134 
Hardness mg/L 655 823 1297 
Alkalinity mg/L 296 273 443 
Ca mg/L 148 238 303 
Mg mg/L 70 55 131 
Na mg/L 251 831 985 
K mg/L 18 29 105 
S04 mg/L 526 70 177 
Cl mg/L 28 1641 2126 
N03 mg/L 0.4 1.0 1.6 
Fe µm/L 127 9 256 
Mn um/L 1348 31 2491 
Cr µm/L 8.9 9 16.7 
Pb µm/L 1.6 1.4 4.9 
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Well Number WP-22 WP-23 WP-24 
:~ 
/;<: 
Date 10-26-84 10-26-84 10-26-84 
Temperature °C 10.5 8.0 7.5 
Field pH 6.55 7.30 7.00 
Field Conductivity 33000 2300 6600 
µmhos/cm 
Lab pH@ 22°C 6.81 7.70 7.31 
Lab Conductivity 58034 2376 10318 
µmhos/cm 
TOS mg/L 34806 1861 7937 
Hardness mg/L 14255 795 1978 
Alkalinity mg/L 158 379 365 
Ca mg/L 4028 171 472 
Mg mg/l 1019 89 194 
Na mg/L 6331 320 1312 I I 
K mg/L 377 25 50 i !· 
so4 mg/L 200 786 116 
I 
i 
\ 
i': 
Cl mg/L 19412 172 3251 1 I I' 
N03 mg/L 0.8 <0.1 0.3 
! 
I 
I Fe µg/L 39~20 13 I 
I 
Mn µg/L 8641 1274 ' i::. I 
Cr µg/L 635 25.3 t· t', t 
Pb µg/L 9.6 2.5 t r 
L· 
I 
t t· 
":: 
r 
f, 
r 213 ' ll 
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Well Number WP-25 WP-26 WP-27 
ii 
"1t 
Date 10-26-84 10-26-84 10-26-84 
Temperature °C 7.5 8.0 8.0 
Field pH 7.10 7.05 7.28 
Field Conductivity 11900 8900 1800 
µmhos/cm 
Lab pH@ 22°c 7.50 7.50 7.72 
Lab Conductivity 17941 14270 1938 
µmhos/cm 
TDS mg/L 13983 10732 1586 
Hardness mg/L 2656 2652 636 
Alkalinity mg/L 272 346 348 
Ca mg/L 676 589 150 
Mg mg/L 235 287 64 
Na mg/L 3237 2003 238 
K mg/L 118 377 21 
so4 mg/L 127 221 686 
Cl mg/L 5350 4628 89 
N0 3 mg/L 3.3 <0.1 0.2 
Fe µg/L 200 157 
Mn µg/L 7800 566 
Cr µg/L 52 20 
Pb ll9/L 15.7 2.1 
214 
Well Number WP-28 WP-29 Creek 
Date 10-26-84 10-26-84 10-26-84 
Temperature oc 9.0 9.0 9.0 
Field pH 7 .10 7.20 7.9 
Field Conductivity 4600 3600 4000 
µmhos/cm 
Lab pH@ 22°c 7.36 7.52 7 .46 
Lab Conductivity 7059 4010 5349 
µmhos/cm 
TDS mg/L 5675 3041 4146 
Hardness mg/L 2058 613 1178 
~- - Alkalinity mg/L 88 200 153 
Ca mg/L 627 173 221 
Mg mg/L 119 44 152 
Na mg/L 588 639 675 
K mg/L 75 19 62 
S04 mg/L 168 53 339 
Cl mg/L 2270 1284 1544 
N03 mg/L 0.1 8.0 0.4 
Fe µg/L . 31 129 90 
Mn µg/L 2676 271 101 
Cr µg/L 15.2 · 26. 9 9.1 
Pb µg/L 69.5 2.9 1.2 
215 
Well Number Christianson Stevans 
Date 10-25~84 10-25-84 
Temperature oc 10.5 12 
Field pH 7.1 7.25 
Field Conductivity 1900 750 
µmhos/cm 
Lab pH@ 22°c 7.2 7. 59 
Lab Conductivity 3259 1018 
µmhos/cm 
TOS mg/L 3433 749 
Hardness mg/L 1201 411 
Alkalinity mg/L 272 263 
Ca mg/L 355 112 
Mg mg/L 76 32 
Na mg/L 169 119 
K mg/L 14 23 
so4 mg/L 67 51 
Cl mg/L 971 95 
N03 mg/L 1.4 35 
Well Number FP-1 FP-2 FP-3 
Date 10-23-84 10-23-84 10-25-84 
Temperature oc 7.00 6.0 9.5 
Field pH 7.85 7.85 7.35 
Field Conductivity 2100 2200 4700 
µmhos/cm 
Lab pH@ 22°c 7.30 7.66 7.25 
Lab Conductivity 2230 2263 10080 
µmhos/cm 
TDS mg/L 1840 1868 7342 
Hardness mg/L 753 621 2497 
A"I kal inity mg/L 411 328 346 
Ca mg/L 156 137 495 
Mg mg/L 88. 68 306 
Na mg/L · 307 341 1280 
K mg/L 23 23 64 
so4 mg/L 919 978 1276 
Cl mg/L 14 20 2203 
N03 mg/L <0.1 0.4 0.2 
Fe µg/L 88 205 145 
Mn µg/L 12 673 6913 
Cr µg/L 6.6 19.5 18 
Pb JJ9/L 2.9 5.0 2.7 
217 
well Number FP-4 FP-5 FP-6 
Date 10-25-84 10-27-84 10-27-84 
Temperature °C 8.5 6.0 7.0 
Field pH 7.23 7.15 7.30 
Field Conductivity 7200 2200 2100 
" µmhos/cm 
Lab pH@ 22°c 7.55 7.67 7. 66 
Lab Conductivity 15494 2458 2436 
µmhos/cm 
TDS mg/L 12376 1994 2066 
Hardness mg/L 2731 702 688 
Alkalinity mg/L 200 375 311 
Ca mg/L 838 155 150 
Mg mg/L 155 76 76 
. 
Na mg/L 2472 357 366 
K mg/L 87 21 23 
so4 mg/L 1054 1037 1062 
Cl mg/L 5025 46 56 
N03 mg/L 0.4 <0.1 
Fe µg/L 2141 132 114 
Mn µg/L 8558 1639 1927 
Cr µg/L 23 15.3 24 
Pb µg/L 8.3 5.4 5.6 
218 
Well Number FP-7 FP-8 FP-9 
Date 10-23-84 10-23-84 10-25-84 
Temperature °C 7.0 6.0 8.0 
Field pH 7.48 7.79 7.46 
' 
Field Conductivity 1100 900 2100 
;;; ., µmhos/cm 
. ' 
Lab pH@ 22°C 7.58 7.91 7.39 
Lab Conductivity 2339 1613 2593 
µmhos/cm 
TDS mg/L 1901 1276 2109 
Hardness mg/L 748 505 755 
Alkalinity mg/l 461 361 449 
Ca mg/l 167 122 179 
Mg mg/L 80 49 75 
Na mg/L 336 201 399 
K mg/L 21 21 23 
S04 mg/L 866 570 1076 
Cl mg/L 27 30 52 
N03 mg/L <0.1 0.4 0.4 
Fe µg/L 151 152 116 
Mn µg/L 667 1526 44 
Cr µg/L 19.l 19.9 11.8 
Pb µg/L 6.0 5.6 6.1 
219 
Well Number FP-10 FP-11 FP-12 
Date 10-25-84 10-25-84 10-25-84 
Temperature oc 8.5 5.5 8.0 
Field pH 7.62 7 .10 7.50 
Field Conductivity 2100 2500 1975 
llmhos/cm 
Lab pH@ 22°c 7.63 7.67 7.64 
Lab Conductivity 2837 5424 2501 
µmhos/cm 
TDS mg/L 2389 4909 2078 
Hardness mg/L 88_9 1515 628 
Alkalinity mg/L 414 477 347 
Ca mg/L 181 292 138 
Mg mg/L · 106 191 69 
Na mg/L 399 864 · 417 
K rng/L 26 35 22 
S04 mg/L 1228 2749 1054 
Cl mg/L 58 146 51 
N03 mg/L 0.4 <0.1 
Fe µg/L 172 4670 392 t 
' 
' 
Mn µg/L 270 1122 526 I Cr µg/L 5 13 44.5 I 
Pb µg/L 6.9 4.0 5.6 I I 
I 
I 
I 
[, 
r 
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Wel1 Number fL-1 
10-23-84 
Date 
Temperature oc 7.2 
field pH 
6.87 
field Conductivity 1300 
µmhos/cm 
Lab pH@ 22°C 7.5 
Lab Conductivity 3151 
µmhos/cm 
TDS mg/L 
3268 
Hardness mg/L 1986 
Alkalinity mg/L 271 
419 
Ca mg/L 
228 
Mg mg/L 
178 
Na mg/L 
25 
K mg/L 
S04 mg/L 
1664 
Cl mg/L 
165 
N03 rng/L 
0.2 
221 
Well Number FL-6 FL-7 
Date 10-24-84 10-24-84 
Temperature °C 9 7 
Field pH 7.3 7.48 
Field Conductivity 9000 1100 
µmhos/cm 
Lab pH@ 22°C 7.8 7.5 
Lab Conductivity 21579 45907 
µmhos/cm 
TDS mg/L 36839 23746 
Hardness mg/L 15693 6583 
Alkalinity mg/L 600 405 
Ca mg/L 616 1060 
l Mg mg/L 3437 956 Na mg/L 3696 4235 
·.c 
K mg/L 97 137 
S04 rng/L 20236 3577 
Cl mg/L 870 8732 
I N03 mg/L 22.0 
;I 
P04 mg/L 89 198 
i 
l 
j 
j 
I 
' ii I 
222 
Well Number FL-9 
Date 10-23-84 
Temperature °C 8 
Field pH 6.56 
Field Conductivity <20000 
µmhos/cm 
Lab pH@ 22°C 6.5 
Lab Conductivity 90624 
µmhos/cm 
TDS mg/L 123684 
Hardness mg/l 19006 
A1kalinity mg/l 272 
Ca mg/l 3797 
Mg mg/L 2313 
Na mg/L 38348 
K mg/l 1497 
S04 mg/L 2231 
Cl mg/l 73280 
N03 mg/l 
P04 mg/L 89 
223 
Well Number FL-11 
Date 10-23-84 
' Temperature °C 7.5 
Field pH 7.03 
Field Conductivity 4200 
µmhos/cm 
Lab pH 7.3 
Lab Conductivity 8586 
µmhos/cm 
TDS mg/L 7360 i 
Hardness mg/L 3695 ! t 
r 
Alkalinity mg/l 391 t 
Ca mg/l 502 i ' 
' 
' ' 
Mg ,mg/L 593 
1 
! 
Na mg/L 750 ~ 
I 
K mg/L 34 ! r 
S04 mg/L 2124 i 
Cl mg/l 1678 i 
r N03 mg/L 1.5 
APPENDIX N 
Saturated-Paste Extract Chemical Analyses 
224 
Sample FS-2 FS-2 FS-2 FS-2 
Depth 5 ft. 10 ft. 15 ft. 20 ft. 
pH 7.7 7.8 7.8 7.1 
EC nunhos/cm 27.91 8.64 7.48 7.53 
Sat% 55 51 53 52 
Ca mg/L 42.20 21.38 15.48 21.61 
Mg mg/L 88.04 72.33 54.13 60.42 
Na mg/L 212.28 40.39 39.23 35.30 
SAR 26.0 5.9 6.6 5.5 
HC03 mg/L 1.10 2.01 2.75 1.80 
Cl mg/L 236.59 2.35 3. 77 1.88 
so4 mg/L 104.83 129.74 102.32 113. 65 
Sample FS-3 FS-3 FS-3 FS-3 FS-3 
Depth 5 ft. 10 ft. 15 ft. 20 ft. 30 ft. 
pH 7.2 7.1 7.0 7.1 7.4 
EC mmhos/cm 73.l 88.4 3.89 3.58 2.47 
Sat% 81 54 53 51 45 
Ca mg/L 94.23 133.16 16.30 17 .65 9.04 
Mg mg/L 68.92 48.86 13.19 11.30 5.10 
Na mg/L 771.31 1004.41 16.79 13.68 12.85 
SAR 85.0 105.0 4.4 3.6 4.8 
HC03 mg/L 1.32 5.49 1.68 2.14 2.98 
Cl mg/L 845.85 1111.22 19.58 2.54 1.58 
so4 mg/L 87.29 69.72 24.82 37.95 22.43 
226 
Sample FS-5 FS-5 FS-5 FS-5 
Depth 5 ft. 10 ft. 15 ft. 20 ft. 
pH 7.2 7.3 7.5 7.4 
EC mmhos/cm 28.91 4.54 1.46 3.46 
Sat% 52 47 51 50 
Ca mg/L 59.04 18.80 4.12 18.92 
Mg mg/L 105.39 14.84 2.82 11.59 
Na mg/l 193.29 14.61 8.23 13.30 
SAR 21.0 3.6 4.4 3.4 
HC03 mg/l 
1.10 1.38 1. 79 2.18 
Cl mg/L 277.56 4.27 1.30 1.10 
so4 mg/L 
79.06 42.60 . 12.08 40.53 
Sample FS-6 FS-6 'FS-6 FS-6 
Depth 5 ft. 10 ft. 15 ft. 20 ft. 
pH 7.4 7.2 7.5 7.4 
EC mmhos/cm 16.0 23.3 1.56 2.72 
Sat% 49 52 46 51 
Ca mg/l 42.63 76.49 4.69 12.77 
Mg mg/L 36.19 64.67 3.67 9.63 
Na mg/l 92.67 121. 55 6.82 9.26 
SAR 15.0 14.0 3.3 2.8 
HC03 mg/L 
1.so 1.54 1.79 2.07 
Cl rng/L 136.08 213.66 0.91 0.82 
so4 mg/l 
33. 61 47 .61 12.48 28. 77 
Sample FS-7 FS-7 FS-7 WP-9 
Depth 5 ft. 10 ft. 15 ft. 18.5 ft. 
pH 7.6 7.5 7.4 7.2 
EC mmhos/cm 15.4 5.64 3.54 11.9 
Sat% 52 48 52 56 
Ca mg/L 26.44 27.85 18.80 35.58 
Mg mg/L 15.96 28.45 13.84 18.10 
Na mg/L 117.97 16.81 12.25 66.76 
SAR mg/L 26.0 3.2 3.0 13.0 
HC03 mg/L 1.80 
1.34 1.58 1.48 
Cl mg/L 121. 72 15.26 1.01 98.41 
S04 mg/L 36.85 56.51 
42.30 20.55 
l 
I 
APPENDIX 0 
X-Ray Fluorescence Analyses 
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Hole Number FS-1 FS-1 FS-1 FS-1 FS-1 
. ( %} ( %} (%) ( %) ( %) 
Depth (in ft.} 3 5 6 8 10 
Na2o 0.69 0.83 0.79 0.86 0.76 
MgO 5.76 5.11 4.99 4.62 4.59 
Al 2o3 9.63 10.83 11.86 12.04 10.76 
Si02 51.17 60.69 61.34 62.63 58.24 
PzOs 0.13 0.15 0.15 0.14 0.15 
K20 1.94 2.06 2.18 2.17 2.08 
CaO 16.37 11.97 11.27 10.52 12.68 
Ti02 0.57 0.57 0.65 0.63 0.62 
MnO 0.07 0.11 0.09 0.09 0.12 
Fe2o3 4.18 4.32 4.71 4.76 4.72 
TOTAL 90.Sf 96.66 98.04 98.47 94.73 
Hole Number FS-1 FS-1 FS-1 FS-1 ( %} { %) ( %) (%) 
Depth (in ft.) 12 15 20 25 
Na2o 0.79 0.85 0.89 0.84 
MgO 4.46 4.42 9.17 3.86 
Al 2o3 11.82 11.42 11.14 12.13 
s;o2 62.14 63.59 63.72 64.92 
P205 0.16 0.14 0.14 0.16 
K20 2.16 2.18 2.09 2.27 
cao 10.79 10.64 10.77 8.59 
Ti02 0.63 0.64 0.57 0.68 
MnO 0.30 0.05 0.09 0.09 
Fei03 4.73 4.48 4.16 4.71 
TOTAL 97.99 98.42 97.77 98.25 
Hole Number FS-2 FS-2 FS-2 FS-2 FS-2 
( %) (%) ( %) (%) (I) 
Depth (in ft.) 3 5 6 8 10 
Na2o 0.76 7.93 26.82 0.94 0.93 
MgO 6.27 5.16 3.59 5.12 5.11 
Al 2o3 10.97 9.84 7.04 11.93 11.59 
s;o2 54.38 55.47 40.10 62.25 67.03 
P205 0.13 0.13 0.08 0.15 0.16 
K20 2.20 1.82 1.19 
2.18 2.16 
CaO 14.32 10.40 7.00 10.32 16.79 
Ti02 0.65 0.51 0.38 0.63 0.63 
MnO 0.07 0.09 0.06 0.09 0.68 
Fe2o3 4.68 3.95 3.07 4.61 
4.60 
TOTAL · 94.44 95.31 89.65 98.07 
Hole Number FS-2 FS-2 FS-2 FS-2 ( %) ( %) ( %) ( %) 
Depth ( in ft.) 12 15 18.5 20 
Na2o 0.90 0.96 1.29 
1.06 
MgO 4.97 4.76 4.31 4.18 
A1 2o3 11. 76 11. 72 8.57 
13.59 
Si02 61.06 62.60 63.69 
66.90 
P205 0.16 0.15 0.17 0.15 
K,,O 2.20 2.19 1.89 2.27 
L. 
CaO 10.95 9.97 9.13 6.93 
Ti02 0.61 0.66 0.69 0.66 
MnO 0.16 0.06 0.07 0.08 
Fe2o3 4.67 4.92 3.04 4.63 
TOTAL 97.46 98.01 92.05 100.48 
r: 
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I ] 
l 
Hole Number FS-3 FS-3 FS-3 FS-3 FS-3 FS-3 
:1 
(%) (%} ( %) ( %} (%) (%} 
1 
Depth ( in ft.) 0.5 4 5 6 8 10 
Na"O 0.86 0.97 3. 77 3.64 2.14 4. 05 (. 
MgO 2.21 5.03 5.47 3.43 4.03 3.38 
A1 2o3 10.96 10.75 9.73 
12.93 10.61 8.98 
Si02 67.29 59.30 54.47 64.35 
53.79 50.97 
P205 0.18 0.l5 0.13 0.15 0.14 0.15 
K20 2.40 2.08 1.91 
2.27 2.06 2.06 
CaO 2.48 12.24 12.68 5.16 10.86 13.66 
Ti02 0.61 0.06 0.52 0.60 
0.06 0.53 
MnO 0.15 0.11 0.10 0.07 0.07 0.09 
Fe2o3 4.05 4.53 3.93 
4.59 4.24 4.04 
TOTAL 93.2-0 95.78 92.72 97.19 89.03 87.91 ~ 
I, 
' I 
Hole Number FS-3 FS-3 FS-3 FS-3 FS-3 FS-3 
·i 
' 
( %) (%) ( %) {%) ( %) {%) 
I 
cl 
l 
Depth (in ft.) 12.5 20 25 28 15 30 l 
'I Na2o 15.15 0.89 0.81 0.85 1.21 0.95 { j 
MgO 3.03 3.65 3.60 5.01 4.86 4.31 t 
A1 203 9.07 10.91 11.31 12.29 
9.33 13.94 i 
·.l 
.1 
I 
Si02 51.37 60.41 61.55 63.21 
67.38 67.23 ·_ -, 
'I 
P205 0.12 0.16 0.14 0.85 0.16 0.15 
t 
i 
' 
K20 
1.97 2.34 1. 55 2.12 2.15 2.23 l I l 
''"* i
CaO 7.94 11.33 11.85 10.07 7.38 6.58 
j 
.. 1 
. .-:i 
l 
Ti02 0.47 0.62 0.62· 0.68 
0.56 0.71 -·-t 
I 
~ 
MnO 0.09 0.11 0.11 0.10 0.06 0.08 l 
Fe2o3 3.7 5.32 4.46 
4.68 2.99 4.90 
,,1 
'1 TOTAL 93.07 96.90 97.88 98.60 94.09 99.63 ,. 
j 
J 
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Hole Number FS-3 FS-3 FS-3 ( %) ( %) (%) 
Depth (in ft.) 35 40 45 
Na2o 0.94 0.95 0.94 
MgO 3.52 3.73 3.86 
Al 2o3 14.48 14.22 13.38 
Si02 67.31 66.74 66.41 
Pz05 0.16 0.15 0.16 
K20 2.39 2.34 
2.33 
cao 6.34 6.72 6.74 
Ti02 0.70 0.71 0.72 
MnO 0.08 0.09 0.08 
Fe2o3 5.05 4.94 
4.81 
TOTAL 100. 97 100.59 99.45 
f 233 
··~ 
, ·. 
Hole Number FS-4 FS-4 FS-4 FS-4 FS-4 (%) ( %) ( %) ( %) (%) 
.~ Depth (in ft.) 3 4 5 6 8 
I 
Na20 0.63 0.59 0.66 0.67 
0.80 1 l 
1 
MgO 9.68 3.53 4.53 4.56 4.77 
Al 2o3 9.75 8.58 10.26 10.16 
11.79 
Si02 51.25 47.14 54.48 56.22 
61.68 
P205 0.36 0.13 0.12 0.13 0.15 ~i . ·1 l 
K20 1.91 1.69 1.91 
1.98 2.11 i l 
. ! 
CaO 17.47 21.52 16.46 15.4 11.37 
·l 
l j 
Ti02 0.58 0.57 0.56 0.56 0.62 : -J 
MnO 0.11 0.04 0.11 0.12 0. 71 
: I 
' l 
! l 
Fe2o3 4.90 3.67 4.28 
4.62 4.86 ! 
TOTAL 91.63 87.46 93.38 94.44 98.29 . 
Hole Number FS-4 FS-4 FS-4 FS-4 
( %) (%) (%) (%) 
Depth ( in ft. ) 10 12 15 20 
Na 2o 0.74 0.80 0.75 0.82 
MgO 4.89 4.59 4.60 4.47 
A1 2o3 11.64 12.41 11.46 
11.64 
Si02 61.41 62.47 61.27 62. 71 
P205 0.15 0.16 0.20 0.15 
K20 2.70 2.25 2.19 2.23 J 
. \ 
CaO 11.19 10.44 11.01 10.74 
Ti02 0.65 0.67 0.67 0.66 [ MnO 0.07 0.10 0.06 0.10 
Fe2o3 4.87 4.88 5.31 4.61 
TOTAL 97.80 98.81 97.53 98.13 1 
Hole Number FS-5 FS-5 FS-5 FS-5 FS-5 FS-5 { %) {%) ( %) ( %) { %) {%) 
Depth {in ft.) 0.5 1.5 3 5 6 8 
Na,,O 1.07 0.83 0.89 6.93 1.95 0.88 
t. 
MgO 2.80 4.70 8.80 4.98 4.91 5.13 
Al 2o3 10.49 7.94 
9.51 10.28 10.76 12.07 
Si02 68.63 44.82 
50.69 54.48 56.94 61.25 
P205. 0.18 0.14 0.11 0.13 0.14 0.15 
K2o 2.35 1.55 
1.80 1.85 1.94 2.19 
CaO 1. 76 0.65 15.64 11.98 11.84 11.13 
Ti02 o. 59 0.59 
0.53 0.54 0.57 0.64 
MnO 0.12 0.06 0.23 0.10 0.09 0.16 
Fe2o3 3.71 2.79 
4.22 3.95 4.65 4.75 
TOTAL 91.68 - 84.02 92.45 95.24 93.80 98.36 
Hole Number FS-5 FS-5 FS-5 FS-5 FS-5 FS-5 (%) {%) (%) ( %) (%) {%) 
Depth { in ft.) 10 12 15 20 27.5 30 
Na2o 0.80 0.84 
0.82 0.91 1.31 0.93 
MgO 4.67 4.66 4.59 3.63 2.85 3. 72 
Al 2o3 11.40 11.96 
12.00 12.15 9.65 13.04 
Si02 60.24 61.69 
62.05 65.43 69.50 66.75 
P205 0.15 0.17 0.16 0.69 0.14 
0.15 
K20 2.15 2.20 2.21 
2.25 2.02 2.29 
CaO 12.26 10.92 10.77 8.37 6.37 7.34 
Ti02 0.62 0.64 0.67 0.67 0.51 0.69 
MnO 0.15 0.09 0.06 0.10 0.06 0.88 
Fe2o3 4.75 4.84 4.91 
4.58 3.20 4.64 
TOTAL 97.18 98.02 98.23 98.78 95.43 99.63 
235 
Hole Number FS-6 FS-6 FS-6 FS-6 FS-6 
(%) ( %) (%) ( %) (%) 
Depth (in ft.) 1.5 4 5 6 8 
Na20 0.65 0.76 1.09 1.60 1.99 
MgO 3.35 4.73 5.12 5.08 4.60 
Al 2o3 6.77 10.02 11.36 11.36 11.50 
Si02 12.87 53.01 50.79 58.39 59.82 
P205 0.16 0.12 0.14 0.13 0.14 
K20 1.45 1.82 2.15 2.14 2.05 
Cao 24.18 16.61 12.37 11.88 10.82 
Ti02 0.53 0.56 0.59 0.51 0.61 
MnO 0.08 0.10 0.17 0.13 0.07 
Fe2o3 2.78 4.60 4.94 4.88 4.46 
TOTAL 82.82 92.32 97.72 96.16 96.07 
Hole Number FS-6 FS-6 FS-6 
( %) ( %) (%) 
Depth {in ft.) 10 15 20 
Na2o 1.75 0.87 0.91 
MgO 4.54 1.65 3.84 
Al 2o3 11.29 11.88 13.57 
Si02 59.89 62.41 65.97 
P205 0.15 0.15 0.15 
K20 2.00 2.19 2.33 
cao 10.94 10.83 6.93 
Ti02 0.58 0.64 0.70 
MnO 0.09 0.14 0.10 
Fe2o3 4.32 4.66 4.98 
TOTAL 95.53 98.42 99.48 
f 236 
Hole Number FS-7 FS-7 FS-7 FS-7 FS-7 
(%) (%) ( %) ( %) (%) 
Depth ( in ft.) 0.5 1. 5 3 5 6 
Na20 0.85 1.11 
0.87 1.20 1.05 
i 2.86 5.89 4.32 5.06 i MgO 2.32 
j Al 2o3 12.83 9.59 9.13 10. 77 10.81 
I Si02 69.86 72.09 52.23 62.60 59.94 
P205 0.10 0.13 0.14 0.14 0.15 
K2o 2.63 1.99 1. 76 
2.09 2.06 
CaO 1.40 5.34 15. 72 10.56 11.97 
Ti02 0.65 0.39 0.58 
0.59 0.61 
MnO 0.10 0.07 0.06 0.10 0.09 ! I ( 
Fe2o3 5.03 3.51 3.49 
4.42 5.10 r: 
t 
TOTAL 95.75 97.08 89.86 97.78 96.84 
' 
j 
Hole Number FS-7 FS-7 FS-7 FS-7 
i 
( %) ( %) ( %) {%) I i 
Depth ( in ft.) 8 10 12 15 I 
Na2o 1.15 0.80 0.76 0.80 I MgO 4.80 5.04 9.84 9.53 
Al 2o3 11. 91 12.23 12.01 
11.79 
Si02 61.94 61.15 61.32 61.81 
Pz05 0.15 0.16 0.16 0.16 
K20 2.18 2.20 2.17 2.22 
CaO 10.85 11.16 11.20 10.35 
Ti02 0.65 0.65 0.65 0.66 
MnO 0.10 0.07 0.11 0.30 
Fe2o3 4.70 4.81 4.84 5.15 
TOTAL 98.44 98.28 98.10 97 .79 
,, 
237 
Hole Number WS-1 WS-1 WS-1 WS-1 WS-2 WS-2 { %) {%) {%) { %) {%) {%) 
Depth { in ft.) 2 3 6 7 2 5-8 
Na20 1.04 1.06 2.57 1.23 1.44 1.10 
MgO 5.39 5.31 5.05 5.47 3.63 5.07 
A1 2o3 8.53 7.58 8.3 7.29 9.31 6.23 
Si02 54.53 50.76 51.89 47 .49 68.58 58.72 
P205 0.23 0.17 0.16 0.23 0.16 0.09 
K20 1.89 1.57 1.63 1.57 2.27 1.82 
CaO 13.55 17.37 15.16 17.81 6.88 16.56 
Ti02 0.19 0.46 0.45 0.44 0.32 0.16 
MnO 0.12 0.15 0.11 0.17 0.14 0.14 
Fe2o3 4.06 3.99 3.83 3.92 3.08 2.34 
TOTAL 89.84 88.44 89 .18 85.64 95.83 90.26 
Hole Number WP-2 WP-9 WP-25 
( %} (%) (%) 
Depth (in ft.) 15 18.5 3-6 
Na2o 0.96 1.19 1.41 
MgO 3.89 3.61 3.87 
A1 2o3 13. 80 . 13.23 7.43 
Si02 65.99 67.25 66.85 
Pz05 0.17 0.15 0.11 
K2o 2.33 2. 29 1.68 
Cao 7.03 6.47 9.68 
Ti02 0.72 0.69 0.35 
MnO 0.08 0.08 0.09 
Fe2o3 5.27 4.48 2.85 
TOTAL 100.24 94.86 94.37 
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